University of Alabama in Huntsville

LOUIS
Theses

UAH Electronic Theses and Dissertations

2013

Generation of radio frequency induced metastable xenon as a
gain medium for diode pumped rare gas laser systems
Jacqueline Marie Andreozzi

Follow this and additional works at: https://louis.uah.edu/uah-theses

Recommended Citation
Andreozzi, Jacqueline Marie, "Generation of radio frequency induced metastable xenon as a gain medium
for diode pumped rare gas laser systems" (2013). Theses. 35.
https://louis.uah.edu/uah-theses/35

This Thesis is brought to you for free and open access by the UAH Electronic Theses and Dissertations at LOUIS. It
has been accepted for inclusion in Theses by an authorized administrator of LOUIS.

GENERATION OF RADIO FREQUENCY INDUCED METASTABLE XENON AS A GAIN
MEDIUM FOR DIODE PUMPED RARE GAS LASER SYSTEMS

by

JACQUELINE MARIE ANDREOZZI

A THESIS

Submitted in partial fulfillment of the requirements
for the degree of Master of Science
in
The Department of Electrical Engineering
to
The School of Graduate Studies
of
The University of Alabama in Huntsville

HUNTSVILLE, ALABAMA
2013

ACKNOWLEDGMENTS

The research presented in this thesis would not have been possible without the
substantial guidance, effort and assistance of several people.

I would first like to thank my

adviser, Dr. John Williams, for his willingness and enthusiasm to take on this project. His
expertise and knowledge were undoubtedly a major factor in the success of the project.

I

would also like to thank the members of my committee, Dr. Richard Fork and Dr. Lingze Duan,
for their respected input and advice regarding this research.
I would also like to thank Mrs. Amanda Clark, Dr. Greg Finney and Mr. Keff Edwards for
their continuous support and intellectual contributions as the project progressed.

The

experience and ideas of these three individuals largely impacted the final experimental design,
and proved invaluable for the success of the research.
Finally, it is essential that I acknowledge the generous funding given to this project by
the U.S. Army Space and Missile Defense Command. The assistance and technical advice of Dr.
Kip Kendrick and Mr. Adam Aberle at this organization was crucial to the success of this
research.

v

TABLE OF CONTENTS

Page
LIST OF FIGURES ………………………………………………………………………………………....…………….……….……. ix
LIST OF TABLES …………………………………………………………………………………………………………..……….…… xii
Chapter

1

INTRODUCTION TO GAS LASER SYSTEMS .................................................................................. 1

1.1: Interest in High Energy Lasers ............................................................................................ 3
1.2: The Evolution of Legacy Systems ........................................................................................ 5
1.3: Diode Pumped Alkali Lasers................................................................................................ 8
1.4: Diode Pumped Rare Gas Lasers ........................................................................................ 15

2

REVIEW OF THE LITERATURE ................................................................................................... 20

2.1: Atomic Properties of Interest and Notation ..................................................................... 21
2.1.1: Absorption and Fluorescence ....................................................................................... 26
2.1.2 Atomic Laser Model ...................................................................................................... 31
2.1.3: Lifetimes ....................................................................................................................... 36
2.1.4: Efficiencies.................................................................................................................... 38
2.2: Alkali Atoms...................................................................................................................... 42
2.3: Cesium .............................................................................................................................. 44
2.4: Rare Gas Atoms ................................................................................................................ 49
vi

2.5: Xenon ................................................................................................................................ 51
2.5.1: Hyperfine Structure of the

Xenon Transition.............................. 59

2.5.2: Hyperfine Structure of the

Xenon Transition.............................. 66

2.7: Optical Pumping ............................................................................................................... 72
2.8: Previous Studies ................................................................................................................ 77

3

CESIUM EXPERIMENT AND CALIBRATION ............................................................................... 80

3.1: Experiment Equipment and Setup .................................................................................... 80
3.1.1: Tunable Diode Laser ..................................................................................................... 83
3.1.2: Absorption Detector ..................................................................................................... 83
3.1.3: Fabry-Perot Interferometer .......................................................................................... 84
3.1.4: Cesium Reference Cell .................................................................................................. 87
3.2: Experiment Results and Data Analysis ............................................................................. 87
3.2.1: Temperature Dependence of Absorption Strength ...................................................... 89
3.2.2: Hyperfine Splitting of the Cesium D1 Line .................................................................... 92

4

DESIGN OF XENON EXPERIMENT........................................................................................... 101

4.1: Gas Flow and Pressure Control ....................................................................................... 102
4.2: Rare Gas Test Cell ........................................................................................................... 107
4.3: Radio Frequency Capacitive Discharge........................................................................... 113
4.4: Tunable Diode Laser and Optics ..................................................................................... 115
4.5: Computer Interface ........................................................................................................ 117

vii

5

ABSORPTION MEASUREMENTS AND CALCULATIONS ........................................................... 119

5.1: First Glow of Xenon and Plasma Characterization ......................................................... 121
5.2: Absorption Spectra of Metastable Xenon Cell ................................................................ 128
5.3: Xenon Absorption Profile Analysis .................................................................................. 134
5.3.1: The Measured Absorption Profile of the

Xenon Transition ...... 135

5.3.2: The Measured Absorption Profile of the

Xenon Transition ...... 140

5.4: Principles that Affect the Observed Absorption Profiles and Causes of Error ................ 145
5.4.1: Natural Linewidth Broadening ................................................................................... 145
5.4.2: Pressure Broadening .................................................................................................. 147
5.4.3: Doppler Broadening ................................................................................................... 149
5.4.4: Isotope Broadening .................................................................................................... 152

6

CONCLUSIONS AND FUTURE RESEARCH ............................................................................... 156

6.1: Experiment Conclusions .................................................................................................. 156
6.2: Future Research .............................................................................................................. 159
6.2.1: Measurements at Atmospheric Pressure ................................................................... 160
6.2.2: Comparison to Cesium DPAL Cell ............................................................................... 160
6.3.3: Rare Gas Laser Cavity................................................................................................. 161

7

REFERENCES .......................................................................................................................... 162

viii

LIST OF FIGURES

Figure

Page

1.1: Theoretical lasing process of Diode Pumped Rare Gas Lasers (DPRGLs). ............................ 16
2.1: Simplified illustration of the electron configuration of xenon, organized into each n level.
By formula:

.............................................. 23

2.2: An illustration of how gain is achieved through population inversion. ............................... 32
2.3: A general phase diagram illustrating the difference between a vapor and a gas. .............. 43
2.4: Simplified electron configuration illustration of cesium. ..................................................... 44
2.5: Hyperfine splitting of the energy levels of cesium (not drawn to scale). Frequency values
taken from Steck. [28].................................................................................................................... 47
2.6: Hyperfine structure of 129Xe around the 904.8 nm absorption line..................................... 62
2.7: Hyperfine structure of 131Xe around the 904.8 nm absorption line..................................... 65
2.8: Hyperfine structure of 129Xe around the 882.2 nm absorption line..................................... 69
2.9: Hyperfine structure of 131Xe around the 882.2 nm absorption line..................................... 71
2.10: General three-level atomic laser scheme, using indirect pumping. .................................... 73
2.11: A possible pump and lasing scheme for xenon (Paschen notation). ................................... 74
3.1: Cesium D1 line absorption experiment equipment setup. .................................................. 82
3.2: Example transmittance data from a Fabry-Perot Interferometer. The resonant mode hightransmittance lines are a fixed distance apart. ............................................................................. 86
3.3: Cesium D1 absorption scan during optical spectrum analyzer calibration. ......................... 88
3.4: Output of the optical spectrum analyzer: (A) before calibration; (B) after calibration. ...... 89

ix

3.5: Plot showing increased absorption strength as the cell temperature increases; raising the
cell temperature increases the population of cesium vapor atoms. ............................................. 91
3.6: The four theoretical cesium D1 absorption lines, calculated from Steck [28]. .................... 93
3.7: Raw data collect on the cesium D1 absorption line, as displayed by the tunable diode laser
software package. CH 1 is the photodiode signal, and CH2 is the FPI. .......................................... 94
3.8: Generated frequency correlation plot of the cesium D1 line at 55° C................................. 95
3.9: Generated frequency correlation plot of the cesium D1 line at 65° C................................. 95
3.10: Generated frequency correlation plot of the cesium D1 line at 75° C. ............................... 96
3.11: Generated frequency correlation plot of the cesium D1 line at 85° C. ............................... 96
3.12: Frequency correlated measured cesium D1 absorption spectrum at 85° C. ..................... 100
4.1: Experimental setup for metastable xenon absorption experiments. ................................ 102
4.2: Gas flow & vacuum system designed and built for the experiments in this thesis. .......... 107
4.3: First generation test cell. The yellow, uranium doped glass was necessary to form a
vacuum tight seal around the electrode wires. ........................................................................... 109
4.4: Water-cooled second generation rare gas test cell. .......................................................... 109
4.5: Assembled second generation test cell inside its acrylic mounting cradle........................ 111
4.6: The rare gas test cell in its fixed position inside the Faraday cage. ................................... 113
4.7: Assessment of the beam linewidth from the OSA display. ................................................ 117
4.8: Digilock 110 software controls and oscilloscope display. .................................................. 118
5.1: Experimental setup to perform absorption spectroscopy on metastable xenon. ............. 120
5.2: Photograph of the experimental setup showing most of the critical optical elements. ... 120
5.3: First successful RF discharge glow in 3.1 torr xenon.......................................................... 122
5.4: A “very strong” uniform plasma......................................................................................... 124
5.5: A typical, “strong” uniform plasma. ................................................................................... 124

x

5.6: A “very weak” plasma. ....................................................................................................... 124
5.7: Comparison of absorption strengths in strong vs. weak plasma on the 882.2 nm line. .... 127
5.8: Comparison of absorption strengths in strong vs. weak plasma on the 904.8 nm line..... 127
5.9: A mode hop near the 882.2 nanometer absorption line of xenon distorting the photodiode
signal (blue) and FPI signal (red). ................................................................................................. 129
5.10: Digilock 110 display output on the metastable xenon 882.2 nm line. .............................. 130
5.11: Digilock 110 display output on the metastable xenon 904.8 nm line. .............................. 130
5.12: Digilock 110 display output on the 904.8 nm line when the plasma is not lit. .................. 131
5.13: Xenon absorption strength comparison at various pressures on the 882.2 nm line. ....... 132
5.14: Xenon absorption strength comparison at various pressures on the 904.8 nm line. ....... 132
5.15: Abnormal plasma discharge shape observed at 1.4 torr of xenon (top view)................... 134
5.16: Detailed absorption profile of the

excitation in 4.6 Torr of naturally

abundant xenon. .......................................................................................................................... 137
5.17: Detailed absorption profile of the

excitation in 4.6 Torr of naturally

abundant xenon. .......................................................................................................................... 142
5.18: Observed absorption line shift from neighboring absorption lines................................... 152
6.1: Irregular plasma discharge formed as a result of electrode oxidation. ............................. 158

xi

LIST OF TABLES

Table

Page

2.1: Observed pump and lase wavelengths of three optically pumped laser systems. .............. 40
2.2: LS Coupling, Racah, and Paschen configurations for the xenon energy levels of interest in
this thesis. ...................................................................................................................................... 54
2.3: Isotopic composition of naturally abundant xenon. ............................................................ 54
2.4: Frequency isotope shifts of the even isotopes of xenon. .................................................... 55
2.5: Energy values for the 904.8 nm transition levels. ................................................................ 59
2.6: Hyperfine splitting constants for the 904.8 nm transition................................................... 60
2.7: Calculations of the frequency spacings between the .......................................................... 61
2.8: Calculations of the frequency spacings between the .......................................................... 64
2.9: Energy values for the 882.2 nm transition levels. ................................................................ 66
2.10: Hyperfine splitting constants for the 882.2 nm transition. ................................................. 67
2.11: Calculations of the frequency spacings between the .......................................................... 68
2.12: Calculations of the frequency spacings between the .......................................................... 70
2.13: The Landé g-factors and oscillator strength of xenon energy levels of interest. ................ 75
2.14: Calculated Einstein coefficients for the three laser transitions of interest. ........................ 77
3.1: The factory specifications of the non-scanning mode of the............................................... 86
3.2: Temperature dependence of the cesium vapor population. ............................................... 90
3.3: Basic statistics used to validate the generated frequency-based x-axis values................... 97
3.4: Experimental & theoretical frequency separations of the cesium D1 hyperfine levels. ..... 98
3.5: Percent error calculations for the frequency-allocated absorption lines of cesium. .......... 99
xii

5.1: Wavelength and frequency calculations of the 129Xe hyperfine absorption lines. ............ 136
5.2: Wavelength and frequency calculations of the 131Xe hyperfine absorption lines ............. 136
5.3: Percent error calculations for the

excitation. .................................. 138

5.4: Error calculations for the frequency spacings between the eight measured peaks of the
excitation. .................................................................................................. 139
5.5: Wavelength and frequency calculations of the 129Xe hyperfine absorption lines. ............ 141
5.6: Wavelength and frequency calculations of the 131Xe hyperfine absorption lines ............. 141
5.7: Percent error calculations for the

excitation. .................................. 143

5.8: Error calculations for the frequency spacings between the five measured peaks of the
excitation. .................................................................................................. 144
5.9: Approximate linewidth contributions from three types of broadening. ........................... 150

xiii

To Ryan, Ifrit and Faye

CHAPTER ONE

INTRODUCTION TO GAS LASER SYSTEMS

The research presented in this thesis was aimed at developing a laboratory setup
capable of investigating the properties of a gain medium intended for use in a novel laser
system. It is hypothesized that optically pumping metastable xenon with diodes may afford the
opportunity to create a high power-scalable, hybrid laser system that emits at 980.2
nanometers. [1] High power laser systems in the near-infrared region are of great interest to
the military community for counter-rocket, artillery, mortar, and unmanned aerial vehicle
defensive applications. Before a laser system such as this can be demonstrated, it is essential
that the optical absorption properties of metastable xenon are thoroughly examined.
In this effort, an experimental setup was designed and built which used a radio
frequency discharge to generate xenon plasma in a glass test cell. The configuration of the
discharge components allowed for optical pumping parallel to and coincident with the plasma
discharge. Using a tunable diode laser, absorption was measured on two transitions above the
xenon metastable state to verify the presence of metastable xenon in the apparatus. Further
study of these and similar transitions will aid in the realization of a Diode Pumped Rare Gas
Laser, which will combine many of the positive aspects of semi-conductor lasers with the
thermal management benefits offered by gaseous laser gain media.
1

The development of lightweight, reliable and efficient high power laser systems has
been of great interest to directed energy communities within industrial, military and academic
sectors for many decades. Each generation of systems, from chemical to gas to solid state
lasers, present their own unique challenges and hurdles in achieving the benchmark of a viable
solution. [2] Gas lasers in particular have received a lot of attention.
During the infancy of laser development, gas lasers were the most prevalent lasers in
laboratories. Most likely, this was because they were the simplest to understand and predict.
Atomic spectra and fluorescence were well-studied realms of physical chemistry that provided a
wealth of knowledge and expertise to gas laser researchers; “transition wavelengths [were]
precisely known, explicable in terms of atomic structure, and largely independent of
environmental conditions.” [3]
Gas lasers continue to be of prime interest today, because of the exceptional thermal
management properties inherent to that particular state of matter which produce lasers with
much better beam qualities than their solid state counterparts. It comes down to conduction
versus convection. Gas molecules are not always in direct contact with one another, so heat
passes through the gas slowly. In solids, however, heat is “held in place” by the rigid structure
of the material. For example, it is bearable to open a 350° Fahrenheit oven and hold one’s hand
briefly in the center of the oven cavity. Conversely, it is not bearable to grab onto the metal
rack inside the oven, for even just a second.
Despite the fact that both the air and the metal rack are at the same temperature, the
properties of the gas prevent the hand from being burnt instantly – the heat transfer takes time,
a concept known as convection. Excess heat in a system creates what is known as thermal
lensing, which distorts the beam and deteriorates beam quality. This is amplified in solids
because of conduction. For this reason, gases can in general produce beams of better quality.
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Dissipation of generated heat is a critical obstacle to achieving desired beam quality in
laser systems, thus utilizing a gas as the gain medium carries a natural edge over lasers with
solid state gain media. The investigation carried out by this thesis provides new information on
metastable xenon as laser gain media for novel gas laser systems.

It is possible that a

metastable rare gas laser will provide an adequate beam quality to efficiency trade-off, and
perhaps even be scalable to the high power levels of interest to the directed energy community.

1.1: Interest in High Energy Lasers

Since the first laser was demonstrated by Theodore Maiman in 1960, inventors and
researchers have devised an expansive set of applications for the technology. The laser was
appropriately regarded as “a solution looking for a problem,” and Maiman speculated several
applications for the laser, including communications, medicine, and “probing matter for basic
research” (a field now known as spectroscopy). [2] Today, lasers have since become such a
pervasive technology that it is difficult to avoid them; applications range from barcode scanners
at the grocery store to the disk readers in personal computers. Various adaptations are used as
surgical implements, providing a degree of precision not possible with a physical knife. Energy
dense lasers are popular in industry for high quality welding of hard metals with extreme,
focused heat. Beyond welding applications, the military has been the most traditional
proponent of high energy laser systems.
Despite Maiman’s attempts to preserve the scientific and humanistic implications of his
laser, the initial media hype surrounding lasers in 1960 erroneously hailed them as “death rays.”
[2] Over half a century later, there are still no “death rays” on the battlefield, but the military is
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still in pursuit of a deployable high energy laser system for a counter rocket, artillery and mortar
(C-RAM) defense system. The goal of this high energy laser would be to provide an “umbrella”
of defense coverage over a given area.
High energy lasers are desirable C-RAM systems, because they offer three critical
advantages over other conventional techniques. First, a laser intrinsically provides speed-oflight engagement of a RAM threat. There is no need for advanced ballistic analysis of both the
trajectory of the threat, as well as the counter-RAM projectile, to ensure collision and
neutralization. Second, as long as an adequate power source is available, a laser C-RAM system
has “unlimited” ammunition (except in the case of chemical laser systems, which consume
reagents during lasing). Power can be generated in a hostile environment, whereas
ammunitions must be delivered or acquired, giving lasers “a great depth of magazine,” and a
significantly lower cost per kill than a traditional C-RAM projectiles. [4]
The viability of high energy lasers as C-RAM systems has been modeled, studied and
tested extensively by military initiatives worldwide. United States military programs have
produced systems such as the Tactical High Energy Laser (THEL), the Chemical Oxygen Iodine
Laser (COIL), and the Joint High Power Solid State Laser (JHPSSL). Recently, a high energy fiber
laser was used to assess the vulnerability of RAM targets to laser energy in a battlefield scenario.
Forty targets were successfully destroyed by the laser system in a live-fire missile range test. [4]
Outside of the United States, some of the most recent and successful C-RAM HEL tests
have been conducted by the German company, Rheinmetall. In early 2012, Rheinmetall held a
laser demonstration which exhibited a 1 kilowatt laser capable of sinking a rubber watercraft,
destroying Improvised Explosive Devices (IEDs), and neutralizing Unexploded Ordinances
(UXOs), as well as a 10 kilowatt system that was able to “detect, track and engage” an
Unmanned Aerial Vehicle (UAV). [5]
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By the end of 2012, Rheinmetall built an impressive 50 kW system that consisted of two
separate lasers capable of 20 kilowatts and 30 kilowatts respectively, which they tested at
Ochsenboden Proving Ground in Switzerland. The new system was able to cut through a 15
millimeter steel girder at a distance of one kilometer, to engage and destroy nose-diving UAVs,
and destroy an 82 millimeter diameter steel ball projectile which imitated a mortar round by not
having an active heat signature. Rheinmetall was able to achieve all of these goals in varying
weather conditions, including bright sunlight, snow, rain and ice. [6] Their accomplishments
give credence to the rest of the HEL C-RAM community, whose constituents continue to seek
new methods of achieving high-efficiency, low-cost, and mobile defense HEL systems.

1.2: The Evolution of Legacy Systems

The military community in the United States has demonstrated several high energy laser
technologies (which for a continuous wave system must exhibit power levels of over 1 kilowatt
[7]) over the past several decades. A few of the most notable systems are the Chemical Oxygen
Iodine Laser (COIL), which was later adapted for the Airborne Laser (ABL), the Tactical High
Energy Laser (THEL), and the Joint High Power Solid State Laser (JHPSSL). These four systems
demonstrate the evolution of the military mindset as related technologies are developed and
new challenges are encountered.
COIL was one of the first high energy laser systems to garner serious attention from
military experts. As the name would imply, COIL is a chemical laser, meaning the energy from
the laser is produced by a chemical reaction. While chemical lasers can generate undeniably
large output powers, they are restricted by the reality that producing that power consumes the
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reactants, and yields a “waste” product. The amount of time the laser is able to operate is
directly proportional to the amount of reactant available.
Electronically excited iodine is the lasing species in COIL. In 1975, it was demonstrated
in [8] that a “large population of excited species” (excited iodine) could be generated by
injecting hydrogen iodine into a stream of singlet oxygen. Their reaction produced the excited
iodine, along with a hydroxyl group. It was determined that finding an efficient method of
creating singlet oxygen could lead to population inversion of the excited iodine. Two years later,
McDermott et al. were able to produce a continuous wave chemical laser from this reaction. [9]
Scientists have worked diligently for decades on COIL, and it has been one of the longest
running laser development projects by the military.

It has a wavelength of 1.315 microns,

which is desirable for atmospheric propagation, and has demonstrated efficiencies of over
twenty percent. [10] Power scalability at high powers has also been promising. In 2003, COIL
was able to achieve a thirty-three percent chemical efficiency while operating at 0.5 kilowatts.
[11] By 2011, continuous wave operation powers on the megawatt scale were reported, [12]
making it one of the most powerful continuous wave lasers in history.
A COIL system was adapted to an airborne platform, which became known as the ABL.
Over a span of years from 2004 to 2009, a Boeing 747-400F was modified to house and shoot a
megawatt class COIL. [13] One of the most difficult challenges was creating a beam director and
optical grade window by which the extremely high energy beam could exit the plane. In early
2010, the ABL had its first in-flight live fire test, where it shot down a “short-range threatrepresentative ballistic missile” [14] off the coast of California.
ABL successfully provided proof of concept on the viability of an airborne C-RAM
weapon system, but the platform is not perfect. The main problem, as with most systems, is
the capacity-size tradeoff of the power source. Since COIL is a chemical laser, all of the
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reactants need to be stored on the plane, giving it a significant payload. The C-RAM defensive
potential of the laser onboard is dependent severely on the size of this payload.
At the high continuous wave energy levels reported, one could assume the ABL would
only be able to, at best, destroy a handful of targets per flight; the 2010 test engaged two
targets, but only destroyed the first target. [14] COIL and the ABL are not the final solution to
the problem at hand – finding a reliable and fieldable C-RAM defense system with a large
“magazine,” so that the cost and performance of the system beats out that of its kinematic
based predecessors.
Another notable program that surfaced in the quest to find a viable high energy laser
defensive weapon system was the THEL. The THEL program (1996-2006) was a deuterium
fluoride (DF) chemical laser realized through the combined efforts of the United States and
Israel. After only four years in the design and fabrication phase, in 2000 it became one of the
first laser systems successfully used in small rocket engagement testing. It was, however, costly
to maintain, and the corrosive chemicals involved presented a significant safety concern. [15] A
breach of a DF fuel tank could be fatal to anyone in close proximity to the system.
Unlike ABL, THEL was designed to be a stationary system, and took up an entire
dedicated building. As another proof-of-concept system, THEL successfully shot down many
RAM targets in live fire tests spanning from 2000 to 2005, but it also fell short or performance
expectations.

THEL was not reliable in cloudy or imperfect atmospheric weather conditions,

and by 2006, the U.S. and Israeli governments decided the program had reached a dead end.
Many of the safety and logistics problems of ABL and THEL were anticipated before the
lasers were built. Chemical laser systems can be dangerous by their nature, and limited by their
reactants, but they were the quickest and most effective way to reach high powers quickly.
These legacy systems were able to adequately provide enough evidence that pursuing an
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alternative high energy laser source would be worth the time, money and effort. One of those
alternatives is JHPSSL.
The JHPSSL system is a solid state laser that in 2009 reached continuous wave powers of
up to 105 kilowatts by phase-locking seven, 15 kilowatt laser chains. [16] With a solid state
system, the user gains the advantage of having a readily available power source – electric
energy. There is no longer a need to procure large tanks of peroxide or deuterium fluoride, for
example, which are very specific and much scarcer quantities than a generator or a wall plug.
Although the JHPSSL program reached its power goal of over 100 kW, it is still not the
be-all, end-all system. It is simply another technology demonstrator, used to prove the concept
that such power levels are achievable in a solid state system. Many other ongoing research
efforts are making progress towards finding new power scalable systems.

There is the

expectation that these alternatives will be able to demonstrate superior beam quality, thermal
management, and efficiency than the JHPSSL system, the three main areas of limitation
encountered by JHPSSL. This thesis aims to investigate one such alternative, Diode Pumped
Rare Gas Lasers (DPRGLs), following the promising successes seen by Diode Pumped Alkali
Lasers (DPALs).

1.3: Diode Pumped Alkali Lasers

In the late 1990s and the early 2000s, William Krupke of Lawrence Livermore National
Laboratory began to think about new approaches for achieving high energy (greater than 1
kilowatt) laser systems. He identified two key concepts as the most desirable for a high energy
system: superior beam quality and exceptional efficiency. With these two goals in mind, Krupke
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decided to explore using a gas gain medium with laser diodes as the pump source. [17] Knowing
that the alkalis were well documented and could lase after being optically excited, alkali vapor
seemed like a good choice. Thus, the Diode Pumped Alkali Laser (DPAL) was first envisioned and
published by Krupke in 2001. [18]
The idea of using alkali vapors as a laser gain media is not a new one. In fact, in 1958,
antecedent to Maiman building the first ruby rod laser, A. L. Schawlow and C. H. Townes of Bell
Telephone Laboratories published their paper called “Infrared and Optical Masers.” [19] Before
Gordon Gould even coined the term “laser,” [2] Schawlow and Townes postulated how to adjust
their maser from microwave frequencies to the infrared and optical regime by using potassium
vapor, an alkali, as the gain medium.
However, pumping alkali vapor proved more troublesome than expected. Although the
transition lines had been studied extensively since alkalis are the “simple” atoms with only a
single electron in their outer shell, Schawlow and Townes were never able to get an alkali to
lase. With the success of the ruby rod laser in 1960, the first gas and continuous wave laser
(helium-neon) later that same year, and the first neodymium-glass laser in 1961, focus was
taken off of alkali vapors for the already successful and rapidly expanded alternatives. [2]
The first instance of a successful alkali vapor laser can be traced to 1962, by P.
Rabinowitz, S. Jacobs, and G. Gould. [20] Rabinowitz et al. identified the 8P1/2 and 8S1/2 levels in
cesium as the appropriate transition for population inversion using their intended pump source.
This transition could oscillate at either 7.18 microns or 3.20 microns, both being wavelengths in
the infrared range; they chose to design around the 7.18 microns, which has a lower threshold
for oscillation.
Rabinowitz et al. constructed a flashlamp which they intended to use to optically excite
the cesium. Their flashlamp was an “RF electrodeless lamp filled with helium at a pressure of 4
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torr and [was] operated at a power of 800 Watts.” [20] The helium allowed the lamp to have a
peak spectral intensity right at the required pumping line, which is a wavelength of 388.8
nanometers. This wavelength corresponds to the 33P to 23S transition of the helium triplet
metastable electrons.
The cavity of the experiment was simple. The confocal resonator required a spherical
mirror and a plane mirror, separated by roughly 193 centimeters. Within the resonator is a glass
tube 1 centimeter in diameter, filled with triple distilled cesium at 175° Celsius. Alkalis are by
nature corrosive, as a result of having a single valence electron which is energetically simple to
donate (they form strong bases), which made it necessary to protect the mirrors from the
cesium. Barium fluoride windows were placed against the cell “approximating optical contact
within a few fringes, because no sealant was found sufficiently resistant to cesium attack.” [20]
With this system, Rabinowitz et al. were able to successfully detect two 7.18 micron
beams. The two separate beams were an artifact inherited from the barium fluoride windows,
since it produced two surface reflections. The group ensured the beams were separated
sufficiently so as not to interfere with each other. The two output beams were both plane
polarized, had diameters of approximately 3.2 millimeters, and output powers of 25 microwatts
were measured for each beam. [20] Low and behold, the first optically pumped gas medium
had lased.
Rabinowitz et al. [20] compared their cesium laser to the other more popular gas laser
of the time (and even today), the helium-neon laser. Even though their experiment had not
achieved high output powers by any stretch of the imagination, they suggested switching to a
Fabry-Perot resonator would allow for a 1 milliwatt output, which would have been comparable
to the helium-neon laser at that time.

Also, with measurements from their experiment,
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Rabinowitz et al. were able to distinguish the spatial and temporal coherence of the cesium
laser as analogous to those of the helium-neon laser.
Despite the successful lasing as described by Rabinowitz et al., [20] there is not much in
the literature regarding lasers using alkali vapors as a gain medium until the early 2000s, with
the entrance of DPALs. A few papers can be found, such as the work of Zibrov et al., [21] which
report on a concept called laser oscillation without inversion (LWI). Zibrov et al. uses a unique
amplifier design to achieve 30 microwatts of laser output power at 794 nanometers, from a gain
cell filled with just rubidium. Needless to say, with such a low power output the idea of using
rubidium as a gain media did not garner much more attention from this study, as the primary
purpose of their experiment was to provide a proof of concept regarding LWI.
Alkalis had been more or less neglected in the concept of functioning as a laser gain
media until DPALs came along, but were scrutinized in terms of basic research. The alkali group
consists of what many think of as “simple” atoms, since all of them having only a single valence
electron. This makes them attractive test subjects for atomic structure and interaction studies.
A useful collection of fundamental data on alkalis comes from the “compendium,” as the author
Doidge titles it, of “lifetimes, transition probabilities and oscillator strengths.” [22] Doidge’s
paper is extremely thorough, with tables for potassium, cesium and rubidium among the many
elements studied. Each stated table value has an external reference to the study that obtained
that value, all dating from the 1950s to the 1990s, when the paper was published. In all, there
are 22 references in Doidge’s work [22] regarding the three stated alkalis alone, and this paper is
an effective stepping stone to anyone that needs to retrieve experimental data on the 65
elements presented in the paper.
At this point it is known that alkalis can lase, and that there is a significant amount of
research behind the properties of alkalis. The final essential component of the DPAL is the
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intended pump source, the diode lasers, which were also first demonstrated in 1962 by R. N.
Hall and his group. [23] Semiconductor lasers work on slightly different principles than there gas
and solid state brothers, the main difference being were the transitions occur. With their diode
laser, Hall et al. built the “first example of a laser involving transitions between energy bands
rather than localized atomic levels.” [23] This is because semiconductors are manufactured
junctions, designed to allow the transfer of electrons and holes. They mimic the quantized
atomic energy structure, and thus function on the same principles as atom based laser gain
media.
Even in 2001, laser diodes were regarded as highly efficient. Since efficiency was of
utmost importance, Krupke chose to model his system supposing laser diode arrays were the
pump source. The two major drawbacks of laser diodes are that they have relatively wide
linewidths, and that, when manufactured into in arrays, they become quite costly.

The

challenge for Krupke was to devise a way by which as much of the laser diode output light as
possible could be absorbed by the rather narrow absorption linewidth of an alkali vapor, thus
preserving the efficiency across the whole system.
Krupke found the answer to his first problem: the use of buffer gases. Helium gas
provided collisional broadening to the two alkali transition lines, and ethane allowed for
collisional mixing. [24] Collisional broadening, also known as pressure broadening, occurs when
the atoms and molecules are moving rapidly inside a vessel, and physically bumping into each
other to cause premature electron relaxation and photon emission; the electron experiences an
abbreviated lifetime in the upper energy level, which effectively increases the linewidth of the
transition. [25] Collisional mixing occurs when these same collisions cause energy transfers to
occur between the atoms and molecules, which aid in populating desired energy levels.
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A DPAL functions quite simply. It is a three level laser system in which the gain medium
is an alkali vapor. A gain cell is filled with alkali, helium and a hydrocarbon to near-atmospheric
pressure.

The cell is heated so that the alkali becomes vapor, as opposed to its room-

temperature solid form. In its vapor state, the single valence electron of the alkali can be
optically pumped, which excites the electron to a higher, intermediate energy level. The
pressure broadening induced by the helium allows more of the optical energy to be absorbed
during pumping, so that the intermediate level can attain its required population density.
Collisional mixing with the hydrocarbon molecules then relaxes the intermediate electrons
down to what will serve as the upper lasing level. From the upper lasing level, the electrons
relax back down to the ground state of the alkali, releasing photons which can be harnessed into
lasing.
By 2003, Krupke et al. published on his proof of concept experiment, in which he
successfully lased rubidium to produce a 795 nanometer, 30 milliwatt output beam. [24] For
this experiment, Krupke et al. used a titanium: sapphire laser as a surrogate pump source, since
a diode array would have been expensive. A year and a half later, in 2005, a true DPAL was
demonstrated by Page et al. using a rubidium, helium and ethane gain cell, [26] and separately
by Ehrenreich et al. using a cesium, helium and ethane gain cell. [27]
As of 2005, the DPAL was officially born, and researchers have since been attempting to
solve the problems that currently inhibit scalability to high powers of over 1 kilowatt, just as
Krupke originally envisioned. Both the DPALs and the laser diodes tailored specifically for the
task of DPALs have come a long way over the past decade, and they still hold the promise of
scalability. Many researchers have made encouraging strides towards the high energy laser
benchmark with DPALs, but there are still a host of problems that prevent turning theory into
reality.
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Although DPALs were originally thought to be linearly power-scalable, current studies
have not demonstrated this at high powers. At output powers of over 30 W, linearity is lost.
The highest output power achieved in continuous wave operation is 145 W, but this is with a
mere 28% slope efficiency, which does not stack up to the low power experiments, which have
demonstrated up to an 81% slope efficiency. [18] However, the lack of power scaling linearity,
or power roll-off, is observed only in static cell DPAL experiments. More recent tests using a
flowing-gas dynamic system have not yet encountered this particular issue.
There are three notable issues in power scaling DPALs, which are the primary concern of
researchers. First is the output limitation of the pump source, the laser diodes. If laser diodes
cannot achieve the high enough powers, DPALs never will. The second obstacle is keeping the
gain cell windows adequately free of alkali deposits and soot. The former occurs because the
alkali vapor naturally seeks to condense onto the coldest spot in the cell, and the latter is the
result of the hydrocarbon buffer gas physically burning up inside the cell. Finally, the last issue,
like many a laser, is general thermal management. Even though gas is infinity better than solids
at transporting heat, with any high power, continuous wave application, thermodynamics is
bound to play a crucial role. The most recent applications of DPALs have utilized a flowing gas
model, as opposed to a static test cell, to mitigate the effects of heat buildup.
The focus of this thesis aims to take concepts explored in DPALs, and apply them to the
promise of Diode Pumped Rare Gas Lasers (DPRGLs). Like DPALs, DPRGLs will share in the
limitations of the output power of available laser diodes. However, since there is no
hydrocarbon buffer gas required for hypothetical DPRGLs, the issue of soot accumulation is
removed. Likewise, the rare gases do not condense at room temperature and interfere with
window transmission. Similar thermal management techniques could possibly be applied to
DPRGLs, as those seen in DPALs, specifically flowing-gas systems. DPRGLs will also eliminate the
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need to use volatile, highly-reactive substances (alkalis), since they exclusively use inert noble
gases. It is anticipated that the performance trade-offs of the noble gases as compared to alkali
vapors will provide a more suitable laser system.

1.4: Diode Pumped Rare Gas Lasers

In the vein of Diode Pumped Alkali Lasers (DPALs), the concept of Diode Pumped Rare
Gas Lasers (DPRGLs) aims to combine the positive aspects of a solid state laser system with the
benefits of a gas state laser gain medium. Both systems utilize the ease and efficiency of diode
pumping, while capitalizing on the reliable thermal control and excellent beam quality features
of a gaseous gain medium. The approach of DPALs has been promising. It is therefore proposed
that replacing the volatile alkalis and combustible hydrocarbons with stable noble gases may
hold the potential to overcome some of the challenges encountered by DPALs.
The reactivity of the alkalis has been one of the voiced concerns over the plausibility of a
deployable DPAL system. In a laboratory setting, the containment of the alkalis is not difficult;
in a real-world scenario, however, this stipulation could cause catastrophic failure of the system.
Cesium and rubidium, two of the most frequently implemented alkalis in DPALs, are also the
most reactive, especially with the commonplace commodities water and oxygen. The neutrality
of the rare gases lends an inherent advantage to DPRGL systems. However, the atomic stability
of the rare gas atoms is also the feature that introduces a new variable that is not pertinent to
the alkalis: the requirement of an initial excitation through discharge.
The functional concept behind DPRGLs is multifaceted, and is illustrated below in Figure
1.1. First, a radio frequency or electrical discharge must be applied across a sample of gas to
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induce the metastable state of the rare gas atom. This is what pulls an electron out of the full
valence shell of the noble gas, allowing it to be manipulated in much the same way as the single
valence electron of an alkali atom. Since metastable states have relatively long lifetimes as
compared to radiative states of electrons, optical pumping can be used to further excite the
electron. The optically excited electron is then collisionally relaxed to a favored level, from
which it can fluoresce. If a proper cavity design is implemented, this fluorescence can be
harnessed to produce lasing. [1]

Apply RF or electric discharge
to the rare gas to induce the
metastable state.
This generates a plasma. One
electron is ripped from the
valence shell of the atom and
captured by a higher energy
metastable state.

Optically pump the electron
from the metastable state,
to an even higher energy
level.

Observe the released
photons as the electron
relaxes back down to
the metastable state.

Due to the buffer gas,
these electrons will
collisionally relax to the
most energetically favored
upper level.

The photons can be
released from the upper
level, a radiating state,
at a rate which is
conducive to lasing.

Figure 1.1 : Theoretical lasing process of Diode Pumped Rare Gas Lasers (DPRGLs).

The lasing process of DPRGLs differs from that of DPALs in the initial excitation step.
The alkali metals need to be heated so that they enter a gaseous vapor state, where the rare
gases need to be provided enough energy so that there is an available electron for pumping. It
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is hypothesized that this tradeoff in priming requirements will allow congruency in the overall
efficiency performance when comparing DPRGLs and DPALs.
Controlling the temperature in a DPALs cell is a critical objective for two major reasons.
First, the alkali vapor will continuously seek to condense on the coldest part of the cell available
– typically this is the cell windows, meaning it could possibly block incoming pump light.
Second, the population of gaseous alkali atoms is directly proportional to the temperature,
meaning a change in temperature can significantly influence the efficiency of the lasing process.
[28] Given the process itself generates heat, maintaining a specific temperature requires a
purposefully designed heating system.
For DPRGLs, the two most logical methods of inducing the metastable state are electric
discharge and radio frequency discharge. Both require significant amounts of power. The high
voltage that is essential of an electric discharge poses a major safety concern. RF generators
also require high internal voltages to operate, however these would all be contained in
Commercial Off The Shelf (COTS) assemblies, and not in a uniquely designed glass test cell
apparatus.
For an electric discharge, two electrodes are placed a specific distance apart across a
material that exhibits a distinctive dielectric constant. A potential (voltage) is built up across
these two points or planes, inducing an electric field between them. Once a threshold in the
electric field is reached and exceeded, “spectacular breakdown of the field” [29] occurs,
allowing current to flow as the atoms ionize rapidly from collisional impact with electrons. This
electric field threshold is influenced by many factors, most notably the dielectric of the material
in the gap between the electrodes, as well as the distance between the electrodes, and as such
these parameters must be chosen with diligence when designing an electric discharge system.
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An electric discharge across a gas will generate plasma, which will typically either glow or arc as
the ionized atoms cyclically relax only to become ionized once more.
Electric discharges have been employed in various excitation technologies since the
infancy of lasers. One of the historically most popular laser systems, the helium-neon laser,
operates on a principle of an initial electric discharge excitation, followed by collisional energy
transfer, then stimulated emission. First demonstrated at Bell Laboratories in 1960 [30], the
helium-neon laser provides a straight forward model of the principles of lasing, which make it
the characteristic system for teaching the foundations of lasers to students.
Many laser systems have emulated parts of the design structure of the helium-neon
laser, notably the whole class of lasers known as excimer lasers. The excimer laser was first
demonstrated by Basov et al. at a Russian lab in 1970, using liquid xenon excited by an electron
beam rather than an electric discharge. [31] In more recent excimer lasers, it is common to use
an electric discharge circuit that “must switch tens of kilovolts on a nanosecond timescale” [32]
to produce a pulsed output ultraviolet laser.
The variety of excimer lasers use gaseous gain media composed of either rare gases
alone, or a rare gas mixed with a halogen such as chlorine of fluorine. When these atoms
become excited by the electric discharge, they form what are called excited complexes, or
exiplexes for short - the namesake of the laser. These exiplexes are either dimers of the rare
gases (such as Xe2*), or rare gas monohalides (such as XeF), respectively. [32] When the
exiplexes relax, they release photons which can be guided in an appropriate cavity to trigger
lasing.
The theory of DPRGLs builds on what is known about excimer lasers. In fact, initial
experiments by Heaven et al. at Emory University employed a modified excimer laser cavity to
provide the energy discharge for preliminary pump-probe experiments for the proof of concept
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behind DPRGLs. [1] The group filled a repurposed excimer laser cavity with a combination of
helium and rare gas, and used the excimer laser’s pulsed electric discharge hardware to
generate metastable rare gas atoms. A pump and a pulsed probe laser beam, at appropriate
wavelengths for the particular rare gas being investigated, were directed into the excimer cavity
containing the now metastable gas.
Han and Heaven [1] provide the proof of concept for DPRGLs, and preliminary gain
measurements for the system. Their work continues to emulate that of DPALs, with rare gases
as the focus in place of alkali vapors. It is currently known that DPRGLs are capable of producing
a laser, but more work needs to be done to completely understand all of the factors and
variables that will influence ultimate efficiencies and the power scalability of such systems. The
absorption profiles from the transitions above the metastable state of xenon, specifically at near
atmospheric pressures, are prime examples of those factors.
This thesis aims to design a method and experimental setup by which the metastable
states of rare gas atoms, specifically xenon, can be induced then optically pumped. Since
DPRGLs require the initial power consumption of an RF or electric discharge, the overall
efficiency of possible DPRGL systems will be limited by the effectiveness of this first step.
Absorption measurement techniques and a continuous wave tunable diode laser are used to
discern the presence of metastable xenon during an RF discharge. Various processes are
investigated to maximize the amount of power that the system is able to absorb.
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CHAPTER TWO

REVIEW OF THE LITERATURE

Even though the first laser, a ruby rod laser, was not successfully demonstrated until
1960, the quantum theory describing the physical properties by which lasers operate had
already been in development for roughly half a century. Perhaps the earliest, most crucial
contributor to these concepts was Albert Einstein. Einstein built upon the ideas of other
physicists such as Bohr, Planck and Wien, to offer the ingenious solution of the quantum nature
of light. His theories on the matter were so ahead of their time that it took many years for them
to become accepted by colleagues. [33]
In several publications between the years 1915 and 1918, Einstein first theorized the
phenomenon of stimulated emission, which he referred to as a quantum theory of radiation in
his 1917 paper, [34] even though the technology at the time provided no means to prove it. In
these papers, he established the premise of population inversion from his equations connecting
the rates of absorption, spontaneous emission, and stimulated emission. These equations and
their subsequent derivations are now used to determine many laser properties, including
absorption cross sections, broadening, and gain, all of which aid in laser design.
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2.1: Atomic Properties of Interest and Notation

In 1913, Niels Bohr sought to model the hydrogen atom, since it is the simplest, most
basic atom. Building upon Rutherford’s “plum pudding” model, Bohr hypothesized an atomic
structure in which negative electrons formed well defined orbitals in a cloud around a positive
nucleus, where each electron occupies a “stationary state.” [35] The electrons are held in their
orbital paths by the “mutual attraction of opposite charges.” [33] Even though the Bohr model
is not entirely accurate, it provides a sufficient approximation of atomic interactions to
adequately describe the events that lead to laser light emission.
With the Bohr model, each electron orbiting the nucleus has a unique set of properties
defining its motion which can be described by the quantum numbers

, and . Since no

two electrons can have the exact same set of quantum numbers, as established by the Pauli
Exclusion Principle, [36] each electron is accountable and identifiable through this sequence.
Mathematically this sequence describes an electron eigenstate. Moving beyond Bohr’s model,
we can annotate the movement of an electron mathematically through the use of its
eigenfunction,

.

This concept can be extended even further into the field of quantum theory (or
molecular orbital theory for the chemists).

It is already known that each electron can be

described by its own wave function, the eigenfunction
corresponds to an eigenvalue of energy,

. Each wave function likewise

, which can be found by the diligent solving of the

time-independent form of Schrödinger’s equation. [37]

This energy eigenvalue can

subsequently be applied to the Planck relation, discussed below, to determine the frequency of
the energy gap. First it is important to understand the quantum numbers that describe the
electron eigenstates.
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The principle quantum number, , implies the shell in which the electron is located.
Typically, the valence electrons are of most importance, which are electrons in the outermost
shell of the atom (the valence shell). The next quantum number, , is known as the angular
momentum quantum number, and it takes on all non-negative integer values less than

Each

value of designates a specific type of subshell, known more commonly by their letter
designations, s, p, d, and f for ground state atoms of

and , respectively.

For example, xenon, the primary gas of interest in this thesis, has 54 electrons. The
simplified illustration of xenon in Figure 2.1 below shows the five “shells” (n levels) of xenon; all
eight valence electrons for this atom are designated by

, even though two of these

electrons are in the s subshell, and six are in the p subshell. Likewise, the two electrons in the
innermost shell of the xenon atom are denoted by
the shells defined by

and

, and belong to the s subshell. Both of

are composed of 2 s subshell electrons, 6 p subshell

electrons, and 10 d subshell electrons. When listing the electrons in the configuration, it is the
convention to order the electrons from the least amount of energy to the largest, which is why
arranging the electrons according to their n shell fails as an atomic model scheme; a larger shell
number does not always correspond to larger energy, specifically in the case of d subshells and
higher.
Each of these subshells (s, p, d, et cetera) are known to have different “shapes.”
Because these shapes correspond to the angular momentum of the electron, it makes sense
that different values of angular momentum values produce different orbital geometries; the
smaller the angular momentum quantum number, the simpler the geometry, where the s
subshell is spherical, the p subshell is “dumbbell-shaped,” and so on. There are other larger
subshell shapes that are present in excited state geometries, but s through f are the four that
are found in the ground state configurations of all of the elements on the periodic table. In fact,
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it is common to see the periodic table divided into blocks depending on the suborbital shape of
the outermost electrons. These unique orbital geometries allow the electrons to have varying
energies within a specific n orbital, and dictate the overall order by which electrons are excited
and exchanged.

Figure 2.1: Simplified illustration of the electron configuration of xenon, organized into each n
level. By formula:

Next is the magnetic quantum number,

which describes all possible projections of

the angular momentum states in the z direction that an electron in a subshell can occupy. [38]
More simply, it takes on all integer values from
mathematically that the larger is, the more values

to

It is immediately apparent

is able to take on, and thus there exist

more unique permutations of the quantum numbers, meaning additional electrons must fit into
the “shape” described by
The magnetic quantum number is what defines how many electron pairs fit into each of
the shapes prescribed by the electron angular momentum; the s orbital can only hold two
electrons, p holds six, d holds ten, and f holds fourteen. Physically this portends that the
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number of electrons permitted in each subshell is a function of how many unique ways the
particular geometry can align about the three dimensional atomic axes. Electrons are added in
the physical space about the atom nucleus until this area becomes filled by the overlapping
geometries.
Modern molecular orbital theorists have devised methods of illustrating these
geometric intricacies in order to depict more accurately the paths taken by the electrons of an
atom, in which each electron is described by a unique wave function dependent on its exclusive
permutation of quantum numbers. These methods follow the complexities of geometry detailed
above. However, while confined to 2-dimensional space, Figure 2.1 provides an adequate
illustration of the core principles of electron configuration most pertinent to the work in this
thesis.
Overall, each of the quantum numbers in the sequence

, and becomes more and

more specific in regards to the behavior of the electrons which they describe. The primary
quantum number,
number,

describes the shell in which the electron resides. The angular quantum

describes its subshell. And now

, the magnetic quantum number, provides the

additional distinction of a specific orientation of a subshell, and thus how many electrons fit into
that subshell. This leaves the final quantum number,

the spin quantum number.

An electron is always in motion, and one component of that motion is its spin on its own
axes. As Pauli hypothesized, electrons must possess a spin angular momentum, which can be
either “up” (

) or “down” (

). In general, electrons are thought to form spin pairs in this

fashion – one up and one down – which is why the electrons in Figure 2.1 above are illustrated
as pairs. Everything about those two electrons is identical, except for their opposing spin.
These quantum numbers are important for understanding the notation used in
designating the energy levels and interactions targeted by atomic laser models, especially for
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the LS coupling model. However, LS notation is not popular in studies of the noble gases due to
difficulty in coupling the angular momenta in excited states. [39] Since xenon is the primary
element of interest, the rules of LS coupling are not integral to this work; they can be found in
detail in many textbooks, such as the textbook by Thakur and Rai. [38]
Two other types of notation are prevalent throughout the literature, Paschen notation
and Racah notation. Paschen notation is generally regarded as archaic, with little physical
significance in somewhat arbitrary designation choices, but overall it is much simpler to write
out. Racah notation is more physically relevant, and like LS coupling, dependent on the electron
quantum numbers. Racah notation is based on a - angular momentum coupling scheme,
where is a quantum number alternative referring to the total angular momentum (as opposed
to just the electron angular momentum used in LS coupling). These three notations are
described in more detail in section 2.5, will be used throughout this thesis as appropriate.
After understanding the quantum number designations of electron energy levels, it
becomes easier to discuss many other atomic properties of interest.

Properties such as

absorption and fluorescence, the atomic laser model, energy state lifetimes, and laser
efficiencies all rely heavily on the energy level labels for clarity. Developing a comprehensive
understanding of these conventions is necessary for evaluating many publications in the fields of
laser theory and development.
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2.1.1: Absorption and Fluorescence

In 1900, before the development of the Bohr model of the atom, Planck put forth a
hypothesis of discrete quanta in atoms, while still not completely understanding the
mechanisms of how and why this could be true. [40] This assumption was originally made out of
self-admitted desperation, in his attempts to reconcile the mathematical models behind
blackbody radiation, but it turned out to be quite serendipitous. By 1901, Planck was able to
further his derivations to come up with what is now known as the Planck relation. In his 1901
publication, [41] Planck forever changes the world of atomic physics by publishing the derivation
of his famous relation:

.

(2.1)

Planck had discovered that it is possible to associate the energy gap between two
electron states with a specific wavelength; the product of the frequency, , and a natural
constant (now known as Planck’s constant), , is equal to the energy gap. At this point, Planck
still did not realize the significance of his contribution. By using the discrete quanta, he thought
he was just using a mathematical trick to help make sense of the theories of his colleagues by
modeling the system after a harmonic resonator. [41] It wasn’t until 1905 that Einstein shed
some light on the issue to revolutionize the way the world thought about light.
Over the course of several years, Einstein was able to demonstrate that the discrete
quanta of Planck’s mathematical simplification were actually the naturally occurring, predefined energy levels in atomic structure. This means that the differences in energy between
specific atomic states remain constant, and we are left with the atomic spectra. [42] Einstein
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accomplished this task through the development of the photoelectric effect, which explains the
interaction of light with matter.
A major part of this was developing the idea of the photon as a packet of energy with
wave-like properties, instead of purely a traditional wave; the so-called wave-particle duality of
light. A photon is a specific amount of energy, defined by its frequency via the Planck relation.
When a photon is incident on a material, specifically an atom, there lies the potential for
absorption or emission to occur. Absorption of a photon can occur when a photon is incident on
an electron. The energy of the photon must be specifically matched to that of the energy gap
between the current state of the electron, and a higher energy state of opposite parity. The
photon gives its energy to the electron to excite it, and so the atom is left with an electron in an
elevated energy level. Depending on the nature of this transition and environmental factors,
this excited state can either last for minutes, or the fraction of a second.
Absorption is a relatively easy property to measure, especially with a tunable laser
source and a gaseous medium. The tunable laser can perform a wavelength scan while incident
on the gas. A sensor, such as a photodiode, can be placed in the beam path after passing
through the medium. When no absorption is taking place, the majority of the beam energy will
be seen by the photodiode (except for the typical losses associated with that medium and the
transmission through surfaces). When the scan hits the absorption wavelength of the medium,
there will be a drastic drop in the amount of power incident on the photodiode. This dip in
energy signifies the absorption line of the medium.
Inevitably, the electron is going to want to return to its ground state – the energetically
favored state. This can happen either spontaneously, or through an outside stimulus. To keep
this explanation terse, only radiative relaxations which result in photon emission will be
explained; non-radiative relaxations which produce phonons will be ignored. Spontaneous
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emission, like stimulated emission, is the release of a photon as an electron relaxes from an
excited state to a lower energy state. The two processes differ in both their cause, and in the
characteristics of the resulting photon.

Both are important concepts for understanding gain

and lasing.
Spontaneous emission is the result of so-called “vacuum fluctuations.” Through a
quantum mechanical approach utilizing time-dependent perturbation theory, it can be
mathematically seen that the time-dependent probability that an electron is in the ground state
after originating in an excited state,

, is also time-dependent, whereas classical methods

always give a zero result. An in-depth mathematical exploration of this process can be found in
the textbook by Band, [43] which arrives at the final time-dependent expression:

(2.2)

where g describes the ground state. This equation shows that although the probability can
equal zero in certain conditions, it typically does not. Thus, the electron will eventually return to
the ground state. Once the electron returns to the ground state, the photon is emitted in a
random direction, with a random phase.
Stimulated emission, on the other hand, is the result of the interaction of an existing
photon and an excited electron, both of the same energy. So with stimulated emission, an
incoming matched photon is the catalyst for emission, instead of vacuum field fluctuations as in
spontaneous emission. Einstein first proposed the concept of stimulated emission in his 1917
paper [34] to reconcile Planck’s Law, given in equation (2.1) above, and Boltzmann’s Principle,
which states:
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(

).

(2.3)

Boltzmann’s Principle relates the ratio of the populations of two energy levels to the energy gap
between them, the temperature, and Boltzmann’s constant, k. The temperature dependence of
this relation is important to unify the concepts with the laws of thermodynamics. These two
laws cannot coexist without the reality of stimulated emission. [44]
Stimulated emission is also different from spontaneous emission in that the emitted
photons are identical to incident photons; they have the same wavelength, direction and phase.
It is this detail that allows stimulated emission and absorption to be the means of either
amplification or attenuation, based solely on the relative population of upper level atoms to
lower level atoms; if the excited population is dominant, there can be positive gain, however if
the lower population is foremost, there will be negative gain. Thus, Einstein’s conjecture of
stimulated emission paved the way to the realization of laser systems.
Photon emissions, whether stimulated or spontaneous, are more challenging to
measure than absorption when they are not directed and harnessed into a laser output. These
emissions are not always in the visible spectrum, and they are typically not as abundant as the
surrounding light, so sensitive equipment is required to detect them.

A representative

experimental setup for measuring emission makes use of a monochromator and a
photomultiplier tube (PMT). A small fraction of the photons emitted from the sample pass
through a slit into the monochromator.

The monochromator is specifically tuned to the

expected emission wavelength, and only allows photons of this wavelength to pass through the
system (Bragg gratings are conventionally implemented to achieve this).
The monochromator directs these now known-wavelength photons to be incident on
the PMT. The PMT, as the name would suggest, amplifies the incoming light signal. The energy
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of the incident photons are used to emit electrons. These electrons then move through the
structure of the tube and by a cascading reaction generate more electrons, making the signal
strong enough to detect. [45] This whole process occurs as a result of the photoelectric effect,
whereby a material can give off an electron if the energy of the incident photon surpasses the
work function of that material.
The concepts of absorption, stimulated emission and spontaneous emission are critical
for understanding the physics of lasers, and for determining if a particular system is capable of
lasing. These properties can to be represented mathematically by using what are now referred
to as the Einstein

coefficients, introduced by Einstein in his 1917 paper. [34] The

coefficient is representative of the spontaneous emission rate, whereas the coefficient
describes the rate of stimulated emission. Since absorption also occurs as a result of an
incident photon, it is simple to define the coefficient for the rate of absorption as
assuming in a system there are

electrons in the upper, excited atomic state, and

. Now,
electrons

a lower, ground state, by the laws of conservation we can deduce, as Einstein did, the following:

,

where

(2.4)

is a function that describes the photon energy density.
Equation (2.4), simply put, states that the rate of spontaneous emission plus the rate of

stimulated emission must equal to the rate of absorption. This makes perfect sense, since
emission can only occur from excited electrons, and absorption is the means by which the
electrons become excited. In order for a lasing to occur, the rate of stimulated emission must
be greater than the rate of spontaneous emission. By solving equation (2.4) for the photon
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density, and then applying the Boltzmann distribution function on the premise that the atoms
are in thermal equilibrium, one is able to arrive at the equation:

⁄

where

is Boltzmann’s constant, and

(2.5)

is the effective blackbody temperature. From equation

(2.5), it is apparent that the blackbody temperature must be significantly large in order for the
ratio to be greater than unity, signifying the dominance of stimulated emission. [38]

2.1.2 Atomic Laser Model

There are three critical properties of lasers which make them unique: their
monochromaticity, meaning the beam consists of a very narrow band of wavelengths making it
a single color, their coherence, meaning the electromagnetic energy is in phase, and their
directionality, meaning the waves all travel along the same path with minimal divergence.
These three properties are attained through the manipulation of physical and atomic properties,
and the engineering of a laser cavity. The nature by which photons are emitted has prime
importance on attaining these three qualities.
A laser operates on the principle of stimulated emission of electromagnetic radiation,
which can be understood by examining the atomic laser model. Stimulated emission occurs
when a photon interacts with an excited electron, spurring that electron to fall to a lower energy
level. Of course, for conservation of energy to be maintained, this relaxation would indicate
that a quantity of energy equal to the energy difference between the excited and relaxed state
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be shifted somewhere else in the system. Consequently, this energy is released in the form of a
new photon.
Stimulated emission is so unique and remarkable since the newly emitted photon
assumes the exact same properties as the incident photon. They have the same phase,
frequency, direction and polarization; the two photons are indistinguishable.

Stimulated

emission allows for a laser beam to be composed of photons all in phase with one another
(coherent). It also permits a laser beam to be almost linear in its propagation (directional), as
opposed to more traditional light sources, which radiate in many directions at once. You would
never use a laser beam to illuminate a room – a fluorescent or incandescent light bulb is more
than apt for that job since they lack directionality.
When the lasing process commences, some of the gain medium atoms will begin to
spontaneously emit photons as the electrons oscillate from the upper lasing level to the lower
lasing level, at the wavelength determined by the separation of these two discrete energy
states. These initial photons are then able to interact with other electrons trapped in the upper
lasing level that have not yet emitted spontaneously, thereby causing stimulated emission. So,
as one would expect, for there to be gain in the laser gain medium, there must be more
electrons in the excited state of the lasing species than in the lower lasing level. This condition
is referred to as population inversion, and is demonstrated in Figure 2.2 below.

Figure 2.2: An illustration of how gain is achieved through population inversion.
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Figure 2.2 shows a series of six different atoms, with electrons in varied states of
excitation. Without population inversion, any emitted photons would simply be reabsorbed by
nearby atoms. In the figure, however, there are four electrons initially in the upper lasing level
(

), and two electrons in the lower lasing level ( ). There are more electrons initially in the

excited state, thus the condition of

is satisfied, and gain is achieved; one photon goes

in, and three photons emerge. The figure shows the electrons in their initial states, and the
arrows designate the transitions to the proper states after interacting with a photon of the
required wavelength to fit the energy gap.
Lasers offer a particularly interesting physical system that quite concisely demonstrates
the theoretical phenomena of quantum harmonic oscillators on a tangible, experimental
platform, since they exhibit oscillatory stability. Think of the atomic laser model – the electrons
are in a constant flow of being excited, then emitting a photon and returning to the ground
state. The tradeoff of emission and absorption must surpass specific rate and population
requirements for lasing to occur, which is no mean feat.
Up until this point, we have not discussed how the light is contained in a laser system;
instead we have just examined a photon's journey in a single pass through the gain medium. A
laser has monochromaticity as a result of the discrete quantized nature of atomic spectra, and
coherence from the phenomenon that is stimulated emission. In order to capitalize on the
directionality initiated by stimulated emission, and amplify the gain potential of the medium, a
laser cavity, or resonator, must be implemented around the medium.
The laser cavity design is of particular importance. It must be of determined dimensions
and reflectivities in order for the system to achieve the state of resonance, which is a stationary
or coherent state in the framing of the quantum harmonic oscillator mindset above. For this
reason, a laser can remarkably produce a continuous, coherent state of electromagnetic
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radiation. The laser resonator, or optical cavity, refers to the particular set of optics that keeps
the process of stimulated emission continuous. In the simplest setups, two mirrors with high
reflectivities at the laser wavelength are aligned on either side of the gain medium. The optical
cavity is thus a Fabry-Perot resonator with the gain medium placed in between the two mirrors.
One of the mirrors must be partially transmissive (roughly 1%) at the lasing wavelength,
so that a beam can emerge from the cavity, while the other mirror should have the maximum
reflectivity possible (99.9%). The distance between these two mirrors must be specifically
chosen such that cavity stability (resonance) can be achieved. The mirrors can be flat, spherical
or aspherical, and there are many widely accepted configurations that it would be premature to
investigate for the purpose of this thesis. Since the curvature of the mirrors changes the path
the light wave takes, using different geometries and optics changes how much of the gain
medium can be illuminated, and thus how much will contribute to the gain when resonance is
achieved.
A simple example is the helium-neon laser (He-Ne). The He-Ne optical cavity is typically
“half-symmetric", meaning the output mirror is flat, while the highly reflective mirror is
spherical with a radius of curvature greater than twice the distance between the two mirrors.
The distance between these two mirrors must allow the wavelength of the laser to “fit" within
the cavity, and thus produce a standing wave, or longitudinal mode. Since waves are periodic, it
follows that multiple longitudinal modes can fit into a single cavity. Just as in the Fabry-Perot
resonator, the number of longitudinal modes, the wavelength, and the distance between the
mirrors can be related through the Bragg condition:

,
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(2.6)

where d is the distance between the mirrors, and n is a positive integer, the longitudinal mode
number.
In addition to the longitudinal modes (in the z direction, which is taken as the direction
of propagation), there are also transverse modes present in the cavity (which reside in the x and
y directions). Instead of wavelengths fitting into the length of the cavity, it is the amplitudes that
must now fit into the transverse dimensions of the resonator. Transverse modes are much more
complicated to deal with, and are designated as p (x-direction) and q (y-direction). These can be
determined by looking at a reduced form of the wave amplitude function:

(

√

)

(

√

)

,

(2.7)

where w is a scaling constant. [46]
So the amplitude of the wave in the x and y directions can be reduced to be the product
of two Hermite polynomials with the Gaussian distribution function, which is a beautifully
simple result. By convention, the laser modes are designated as
“transverse electromagnetic." Generally, a

, where TEM stands for

mode is the most desired beam mode, as it

signifies a beam with both circular and x-y symmetry. Other beam modes exhibit characteristic
shapes and patterns, which can be found in virtually any laser textbook, including the work by
Silvfast. [38]
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2.1.3: Lifetimes

An additional defining aspect of an atomic spectra line is its lifetime.

In the field of

time-resolved luminescence spectroscopy, the lifetime refers to the amount of time an electron
statistically spends in a specific excited state before spontaneous emission occurs. Lifetimes are
useful for identifying close-proximity excited states, which can have lifetimes that differ by
orders of magnitude. Lifetime measurements can be used to “make state assignments, to
obtain quenching constants, . . . to evaluate solid state energy transfer parameters,” [47] and
even to distinguish various isotopes of an atom in a material, which are all useful calculations in
laser system design.
Unlike the frequency spectra, a state lifetime is not an absolute, predefined value; the
excited electron has the potential to decay at any point after excitation. However, the lifetime
value, τ, has the highest density of decay, and is the point by which most of the electrons will
have relaxed. [48] For this reason, τ is related to the decay rate, γ, by the following relation: [49]

,

(2.8)

It is useful to recognize that the total decay rate is the sum of the decay rates for the upper and
lower levels of the transition. These decay rates are proportional by a factor of Planck’s
constant over two pi to the effective energy widths,

, of their respective levels. The total

decay rate is also directly related to the natural emission linewidth,

, through the equation:

(2.9)
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From equations (2.8) and (2.9) we can see that there are two ways to determine state
lifetimes. The first approach is to take a large number of repeated measurements of the time it
takes for an electron to decay after excitation, and generate an intensity versus time curve from
which the lifetime can be calculated through statistics. The second method would be to
compute the lifetime from a measure emission linewidth. In some cases, this would also allow
for the calculations of the energy widths of the excitation levels.
Experimentally, lifetimes of atomic states are much more complicated to measure than
basic absorption and emission discussed in the above section. Both the moment of excitation
and the moment of emission must be known, and when it can come down to fractions of
nanoseconds, even the time it takes for the photon to travel the distance from the emission
source to the detector can be significant. Lifetime measurements require a pulsed excitation
source, at repetition rate greater than the lifetime being measured. Early methods of measuring
lifetimes made use of strip chart recorders, or oscilloscope and camera setups. [50]
Advancements in technology have made more recent approaches using Field-Programmable
Gate Arrays (FPGAs) and digital oscilloscopes commonplace; [51] these tools are capable of
rapid signal acquisition and processing. With these devices, a large number of data points can
be sampled over an extremely short period of time, which allows for a very high resolution
intensity versus time curve from which even lifetimes on the order of 10 -9 seconds can be
calculated.
These high-speed methods are most useful for radiative state lifetimes, which are
extremely short, and in the realm of microseconds to nanoseconds. Metastable state lifetimes
are typically multiples of seconds, minutes, or even hours, as in the case of one of the
metastable states of helium (the longest neutral metastable state). [52] Metastable states occur
as the direct result of quantum mechanical selection rules not favoring a particular transition.
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Because the metastable states are dominated by the energy width of the upper state, it is safe
to ignore the linewidth of the lower level, which makes calculation approaches much more
straightforward. [38]
It is the long-lived metastable states of xenon that makes it a candidate for optical
pumping. Although the different naturally occurring isotopes of xenon have slightly varied
lifetimes, most experimental measurements agree that the metastable lifetime is approximately
42 seconds long. [53] Because the metastable state is sufficiently long, a population of electrons
in this state can be maintained long enough for optical pumping from the metastable state to an
even higher energy level to be successful. Such a scheme with xenon will produce an emission
wavelength close to one micron, which is an appealing wavelength for laser weapon defense
systems.

2.1.4: Efficiencies

The efficiency of a laser system is characteristically one of the most important design
parameters. There are, however, many different types of efficiency, all of which relate different
factors at different points in the absorption and lasing process. The information presented by
the relation can quickly become convoluted by unclear terminology. For the purpose of this
thesis, there are only two efficiency measurements that will be of any significance: the quantum
efficiency and the absorption efficiency.
The quantum efficiency is merely the ratio of the pump wavelength to the lasing
wavelength, meaning for an atomic laser, the value is fixed. In an atomic three-level laser, as
discussed in the above subsection 2.1.2, electrons are pumped by a specific wavelength defined
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by the atomic spectrum of the atom,

Electrons decay and emit a photon of a longer

wavelength than the pump wavelength, and once stimulated emission begins to dominate, the
output wavelength becomes
Since the energy of a photon is inversely proportional to its wavelength, which is
apparent from equation (2.1), the emitted photon has less energy than the pump photon. The
collisional method by which the pumped electrons are relocated from the intermediate level to
the upper lasing level inherently incurs some loss, since some of the pump energy is given up to
those collisions. The energy loss between the intermediate state and the upper lasing level
must be minimized in order to maximize the quantum efficiency, given by the ratio:

⁄

,

(2.10)

Like the alkalis, metastable noble gases are good candidates for optical pumping,
because they have extremely high quantum efficiencies. [1]

Table 2.1 below shows the

calculated quantum efficiencies of a cesium Diode Pumped Alkali Laser (DPAL) cell, a
hypothetical xenon Diode Pumped Rare Gas Laser (DPRGL) cell, and a neodymium-doped
yttrium aluminum garnet (Nd:YAG) crystal. The gaseous mediums exhibit much higher quantum
efficiencies in their pump and lasing transitions than the solid state crystal example, which is
typical, because gas lasers can more easily fit the three level laser models, whereas solid state
lasers typically fit a four or five level laser models. These added intermediate levels acquire
more loss for the system, and decreases the ratio between the pumping and lasing wavelengths.
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Table 2.1: Observed pump and lase wavelengths of three optically pumped laser systems.

Gain Material
Cesium DPAL Cell [54]
Metastable Xenon Cell [1]
Nd:YAG Crystal [38]

(nm)

(nm)
894.6
905.0
1064

852.4
882.2
808.0

95.28%
97.48%
75.94%

The quantum efficiency only depicts the potential of a specific transition and pump
method. For example, metastable xenon can also theoretically be pumped at 904.8 nm to lase
at 980.2 nm (which yields approximately 92% quantum efficiency), just as an Nd:YAG crystal can
be pumped by a host of light sources ranging from 500 nm to 800 nm. [25] Some Nd:YAG lasers
are even flashlamp pumped, meaning the broad spectrum of pump wavelengths would make
quantum efficiency calculations less meaningful.

The quantum efficiency also ignores all

methods and energy expenditures incurred in the processes of getting to the point to where
optical pumping is possible. In the case of DPALs, there is energy expended in heating the cell
and maintaining the population density of the alkali vapor, so that the cesium does not
condense on cell surfaces. With DPRGLs, there is the energy consumption of generating the
metastable state rare gas atoms.
Other than choosing the pump and lase transitions, it is not possible to change the
quantum efficiency. The absorption efficiency, however, can be enhanced. The absorption
efficiency describes how much of the optical pump power is transferred into the gain medium.
The absorption efficiency, for the purpose of this thesis, is defined as:

,
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(2.11)

where

is the pump beam power before entering the test cell, and

is the power of

the beam measured after passing through the cell, adjusted for transmission losses through the
glass surfaces. Because this calculation uses a ratio of the powers which is not dependent on
the power units, it is also possible to get a meaningful calculation from simpler voltage-based
sensors, such as the photodiodes used in this thesis. A ratio of the observed voltages would
produce the same result when applied to equation (2.11).
Once a laser cavity is constructed, the absorption efficiency can be translated to the
much more common calculation, the optical-optical efficiency.

This is a much cleaner

calculation, as it is plainly the ratio of the power of the beam produced by the system and the
power of the beam used to pump the system. In the same manner, the slope efficiency
describes the laser performance over a range of output powers. The slope efficiency, as the
name would imply, is the ratio of the change in output power over the change in absorbed
power for a chosen interval. [55] However, these calculations require a lasing output, which is
beyond the scope of work for this thesis.
The overall efficiency of a hybrid laser such as a DPAL or DPRGL comes down to what is
called the electrical-optical efficiency. This is the ratio of the electrical power put into the
system, straight from the wall plug (of the RF generator, the diode pump, etc.), to the optical
power of the resulting laser beam. This overall performance metric is best optimized by
enhancing the more specific operational efficiencies during development. With the realization
of a viable DPRGL system as a far off goal, the overall efficiency optimization process is not yet
of chief importance.
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2.2: Alkali Atoms

The first column of the periodic table, excluding hydrogen, constitutes the group of
elements known as the alkali metals: lithium, sodium, potassium, rubidium, cesium and
francium. These elements are known to exhibit similar behavior. The characteristic atomic
feature of alkali metals is a single valence electron, which is denominated by a configuration
terminating in ns1. [56] Having the single outer shell electron is what makes alkalis so reactive,
because it is energetically favored for this electron to be “donated,” or stripped off, in chemical
reactions; it is also this single valence electron which makes alkalis such a suitable candidate for
optical pumping. One of the most well-known demonstrations of the reactivity of alkali metals
is in their interaction with water.
When an alkali atom comes in contact with a water molecule, the alkali’s single valence
electron interacts with the electron-sharing oxygen component of H2O. This causes the water to
split into a hydroxide (OH) group, and a hydrogen radical (which combines quickly with another
hydrogen radical in the vicinity to form hydrogen gas). The electron from the alkali then forms
an ionic interaction with the hydroxide, to create the more energetically favored alkali metal
hydroxide. The remaining energy from this extremely exothermic reaction is left to violently
combust the emitted hydrogen gas, in an explosive manner capable of shattering a glass
containment vessel.
At room temperature and atmospheric pressure, the alkalis are solids. The melting
point for francium is the lowest, at roughly 27° C, [57] and this temperature increases as the
atom size decreases, up to the melting point of lithium at 181° C. [58] For example, the melting
point of cesium is 28.44° C, [28] at which point the atoms become vapor. A vapor is a subset of
the gaseous state. Atoms or molecules in a vapor state behave the same as gas molecules, in
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that they are generally separated from each other and free to move about their container. They
differ from a standard gas in that vapor molecules attain equilibrium with liquid molecules
present. [59] From the phase diagram in Figure 2.3 below, it can be seen that a vapor is a gas
where the temperature is below the critical temperature,
The vapor pressure is simply the partial pressure exerted by the molecules or atoms in
the vapor state. The vapor pressure increases with temperature, and these values for each
element can typically be found in graphs for easy reference. For cesium, a vapor pressure
versus temperature graph can be found in [28]. This graph shows the melting point of cesium as
the temperature by which the metal goes from solid to vapor, and starts to exhibit significant
vapor pressures (pressures above 10-6 torr).

Figure 2.3: A general phase diagram illustrating the difference between a vapor and a gas.
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2.3: Cesium

Cesium is the 55th element on the periodic table, immediately following xenon. It is one
of the most well-known atomic elements because of its role in atomic clocks and the
development of the cesium standard. In 1964, the International Committee of Weights and
Standards declared a new definition of the second, based on the atomic frequency transition
between two hyperfine levels of the ground state of cesium instead of a celestial approach to
the time definition. [60] The accuracy and precision of this method are what makes the
impeccable synchronization of satellites and the space station possible, most of which employ
onboard cesium atomic clocks.
Figure 2.4 below is an illustration of the electron configuration of cesium. The electron
configuration of cesium is very similar to xenon, and it only differs by the one additional orbital
containing a single valence electron. This unpaired s orbital electron is easily manipulated by
external forces, which is the characteristic feature of the alkali metals that makes them such
good candidates for optical pumping.

Figure 2.4: Simplified electron configuration illustration of cesium.
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Cesium has 133 nucleons, 55 of which are protons to balance out the charges of the 55
electrons. The remaining 78 nucleons are neutrons, which do not possess any charge, but
provide mass to the atom. It is possible for atoms to lose or gain neutrons and form atomic
isotopes. However, in the case of cesium particularly, the natural abundance is 100% stable
133

Cs. [28] The known isotopes of cesium are predominantly a product of nuclear fission

reactions. Since they do not occur in nature, cesium isotopes, such are

135

Cs and

137

Cs, can be

used as an identifying marker in environmental impact studies on nuclear processes. [61]
Cesium was of primary interest for the research presented in this thesis, because the
wavelengths of the cesium D lines are in close proximity to the desired optical pumping
wavelengths of metastable xenon. These transitions form a fine-structure doublet in
consequence to momentum coupling. The total electron angular momentum, J, is the sum of
the orbital angular momentum, L, and the spin angular momentum, S:

,

Using the LS Coupling notation for energy levels, of the form

(2.12)

2S+1LJ,

it is simple to designate

such for cesium. The cesium D1 transition, 62S1/2 → 62P1/2, has been investigated in depth, and
occurs at 894.59 nanometers. [62] The cesium D2 transition, 62S1/2 → 62P3/2, is the transition
most commonly utilized in DPAL systems, and occurs at 852.35 nanometers. [63]
So the fine-structure splitting of cesium provides two distinct absorption lines,
separated by roughly 42 nanometers, as the direct result of variation in possible electron
angular momentum states. Given the wavelength limitations of the diode in the tunable diode
laser, the cesium D1 transition was chosen as a baseline for absorption measurement
procedures for the experiments in this thesis.
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The hyperfine structures of the 62S1/2, 62P1/2, and the 62P3/2 energy levels provide insight
on what one should expect from the cesium D1 transition absorption profile. The hyperfine
splitting exhibited by each of these three energy levels is shown in Figure 2.5 below. For
hyperfine splitting the primary quantum number of interest is the total atomic angular
momentum, F. [28] It is the sum of J and the total nuclear angular momentum, I:

.

(2.1)

The hyperfine splitting of the cesium energy levels causes multiple, distinct, but tightly
spaced absorption lines to appear in the absorption spectrum. While the fine-structure splitting
of cesium causes a separation of over 16 terahertz (or 1012 hertz), the hyperfine splitting causes
separations in the realms of merely megahertz (106 hertz) and gigahertz (109 hertz). These
significant, order-of-magnitude differences make the hyperfine transitions much more difficult
to isolate, and they are thus generally treated as a group, rather than independent lines.
Looking at the cesium D1 line in Figure 2.5, there are four possible transitions between
the two sublevels of the 62S1/2 ground state, and the two sublevels of the 62P1/2 excited state.
Likewise, the D2 line holds eight possible transitions, between the two sublevels of the 62S1/2
ground state, and the now four sublevels of the 62P3/2 excited state. Two of these transitions are
forbidden, since transitions must occur between states of similar F numbers, such that:

(2.14)

So, in the absence of an additional external magnetic field, one would expect to see four distinct
absorption lines for the D1 transition, and six distinct absorption lines for the D2 transition.
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Figure 2.5: Hyperfine splitting of the energy levels of cesium (not drawn to scale). Frequency
values taken from Steck. [28]
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The hyperfine, or F, energy levels also possess

magnetic, degenerate sublevels,

which are visible in the presence of an external magnetic field which “breaks” their degeneracy.
This is called the Zeeman Effect. [28] In this sense, states are said to be degenerate when they
share the same energy. [38] Helmholtz coils could be used to produce a magnetic field in the
test cell. The effects of the resulting magnetic field on the absorption profile could be analyzed
to determine the influence of the Zeeman Effect on the xenon transitions of interest. Although
it may prove useful in future applications of this project, this test was out of the scope of this
thesis
All of these level splits and sublevels affect the overall energy eigenvalues for an
electron in a particular level.

A quantum mechanical treatment of the system becomes

necessary to accurately calculate the energy levels. This is done through an in depth application
of Perturbation Theory to the time-independent Schrödinger equation:

̂

,

(2.15)

where ̂ is the Hamiltonian operator, and E is the energy eigenvalue. [64]
In order to determine E, one must first determine the correct Hamiltonian for the
electron. Through Perturbation Theory, it can be said that the Hamiltonian is the sum of all of
the contributing Hamiltonians from each sublevel. As such:

̂

̂

̂

̂

,

(2.16)

where ̂ is the “unperturbed” Hamiltonian, to which the fine structure and hyperfine structure
Hamiltonians, ̂

̂

respectively, add their respective corrections. Of course,
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̂

̂

are extremely small compared to ̂ , but their effect on the energy eigenvalue is

not always negligible. It is also possible for subsequent perturbations to be added to the
system, like that from an external magnetic field (Zeeman Effect) or electric field (Stark Effect).
These terms are all dependent on the various types of angular momenta (such as I and J)
experienced by the electrons involved.
This quantum mechanical treatment of the system is relatively straightforward when
the atom in question is simple, as in the case of the hydrogen atom. With the added complexity
of the bulk of electrons and orbital formations found in larger atoms such as cesium and xenon,
this quickly becomes a rigorous, non-trivial exercise. The concepts remain the same, however,
and it is useful to understand this application of Perturbation Theory as it makes complex
systems solvable by breaking down the whole into small parts which can be plainly added
together.

2.4: Rare Gas Atoms

On the opposite end of the periodic table from the alkali metals sit the rare gases, also
called the noble gases, which form the final column of the periodic table. In order of increasing
size, they are helium, neon, argon, krypton, xenon, and radon. They are characterized by a
completely filled valence shell, making them non-reactive, or inert. They can be found in the
Earth’s atmosphere (the most abundant here is argon), and generally do not pose any safety
risks or hazards like the alkali metals.
These elements exist in a gaseous state, except at extremely low temperatures, as
independent atoms due to their electron configuration. They do not need to form dimers, like in
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the case of oxygen, unless manipulated by outside forces. They are, however, known to have a
variety of naturally abundant isotopes, in addition to a plentiful array of radioactive isotopes.
The rare gases have been of particular interest for developing laser systems scalable to
high powers for quite some time. The argon ion laser is an early example of a noble gas based
laser system. First demonstrated in 1964, the argon ion laser used a pulsed electric discharge to
generate argon ions, which was then made to produce a pulsed output at ten wavelengths
ranging from 450 nanometers to 530 nanometers. [65] Lasers using a similar approach followed
suit, including krypton ion lasers, which exhibit wavelengths from 406 nanometers to 677
nanometers, [38] and xenon ion lasers, which demonstrate wavelengths ranging from 467
nanometers to 540 nanometers. [66]
The rare gases have also been used in the class of lasers known as the excimer lasers.
First documented in 1975, excimer lasers function through “excited complexes,” or “exiplexes.”
[32] Initial excimer lasers used noble gas dimers as the gain medium, where an electron beam
was used to generate metastable rare gas dimers, Rg2*. For example, a Xe2* excimer laser
produces an output of 175 nanometers. More modern versions of excimer lasers make use of
rare gas monohalides exiplexes (rare gases excited and combined with fluorine or chlorine, such
as ArF or XeCl). These lasers are generally pulsed lasers, capable of extremely high repetition
rates, with wavelengths in the near-ultraviolet regime.
The rare gases have shown their capabilities to produce lasers, but until recent
technological advances there has not been very much serious research going into novel
methods to produce alternative wavelengths at high powers from these atoms. Early
experiments in 1927 established the existence of metastable states in the noble gases, and by
1953, Phelps and Molnar were able to report on the lifetimes of several of the noble gases. [67]
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Only a few years later in 1960, there was a study on optically pumping a metastable
state of helium generated by a radio frequency discharge. [68] Of course, this being in the
infancy of lasers, a flashlamp was the pump source. The goal of this study was not to build a
laser, but rather to develop a tool for measuring the magnetic moments of atoms. At this point,
there is not an efficient enough pump source at the required wavelengths to make an optically
pumped metastable rare gas laser feasible.
With the rise in popularity of diode pumped applications in the 1990s, and the increased
efficiency and decreased costs of diode function and production in the early 2000s, the idea of
Diode Pumped Rare Gas Lasers emerged. Following the mild success of Diode Pumped Alkali
Lasers, metastable noble gases emerged as a contender as possibly high power scalable laser
gain media emitting wavelengths of particular interest for defensive weapon applications.

2.5: Xenon

Xenon has long been of interest to the optical community, particularly since the
invention of rare gas flash lamps by General Electric; Theodore Maiman used a helical xenon
flash lamp to optically pump the very first laser, a ruby rod laser, in 1960. [69] Studies of the
emission spectra of rare gas flash lamps, and the conditions of operations which could be
altered to manipulate these spectra, were common in the 1960s and 1970s. [70] Rare gas flash
lamps were a popular pump source for many laser systems, until the much more efficient and
versatile diode pump sources were invented and began to take their place.
Xenon is the 54th element on the periodic table, and it is the second heaviest of the
noble gases. With an electron configuration of [
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, xenon, like all of the noble

gases, has completely filled electron orbitals and suborbitals. While this makes the element
stable and non-reactive in its natural state, it is possible to remove electrons from the
outermost p shell by generating plasma via electric or RF discharge.
When the plasma is struck and the 5p subshell is broken, there is a small manifold of
four possible states that the excited electrons can populate within the [
electron level. Two of these states are radiative (
are metastable states (
only atoms in the

and

and

in LS notation), and the other two

in LS notation). The work of Barbet et al. has shown that

metastable state have a high enough atom population in the plasma

afterglow to be detected. [71] This indicates that the

state, which has the lowest energy of

the four states, is the favored transition, and can be treated as the only significant plasma state
for the purpose of the experiments presented in this thesis.
The excited electron configuration of metastable xenon is similar to that of ground state
cesium, which is described by [

, in that both possess that single

state electron, which

can be optically pumped using a wavelength in the near-infrared region of the spectrum. This
strong analog between cesium and metastable xenon inspired the pursuit of a diode pumped
metastable rare gas laser system congruent to the diode pumped alkali laser systems currently
in development. The biggest difference between the two is the unstable core of the metastable
xenon, denoted by the

in the electron configuration, which lends itself to more complicated

angular momenta calculations.
In reviewing the literature on the topic of the atomic spectra of xenon, it is important to
be familiar with the three primary notation schema used by scientists: LS notation, Racah
notation, and Paschen notation. LS notation (also known as Russell-Saunders), as mentioned
previously, is common for laser applications, but has limitations in distinguishing the
complicated spectra of xenon that arises from the electron angular momentum interactions. It
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follows the simple format

, where S is the total spin quantum number, L is the total

orbital angular momentum quantum number (typically denoted by its respective term
designation, S, P, D, et cetera, in the same format as l ), and J is the total electron angular
momentum quantum number given by

. [38]

Racah notation is much more prevalent in the literature concerning xenon and its
energy levels. The

state can also be labeled the

, and

excited

state in Racah notation, which

. Here, n and l are the quantum numbers discussed in section 2.1,

uses the form

momentum of the

⁄

The quantum number

refers to the electron angular

“core” of the atom, while takes into account the angular momentum

electron, as well. [72]
Paschen notation is also common in the xenon literature. It is generally regarded as an

archaic system, with little physical significance attributed to the selection of symbols and
configurations, but it holds merit in its shorthand, terse approach. The
xenon is labeled the
from

metastable state of

state in Paschen notation, and the energy levels above that are labeled
, in the order of ascending energy.

Table 2.2 provides a side-by-side comparison of the three different notation schema
discussed above for the energy levels of xenon relevant to the work presented in this thesis.
From the table, it is simple to see why LS Coupling notation fails to distinguish the energy levels
of xenon. Since LS Coupling is only concerned with the angular momentum of the
and ignores the possibility of a core angular momentum from the

electron,

core structure, the labels

become redundant and trivial. Racah and Paschen notation will be used exclusively from this
point on to distinguish the appropriate energy levels of xenon.
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Table 2.2: LS Coupling, Racah, and Paschen configurations for the xenon energy levels of
interest in this thesis.

Energy Level
Metastable State
980.2 nm
904.8 nm
882.2 nm

LS Coupling [73]

Racah [73]
⁄
⁄
⁄
⁄

⁄
⁄
⁄

Paschen [74]

Unlike cesium, which has only one naturally occurring form, xenon is known to have
nine stable isotopes. [75] Isotopes of an atom share the same numbers of protons and
electrons, but differ in the amount of neutrons in the nucleus, meaning they exhibit distinctive
masses. Isotopes are labeled to reflect the number of nucleons present in the atom. Naturally
abundant xenon was used for the research presented in this thesis, and it is a mixture of the
nine stable isotopes at the composition ratios given in Table 2.3 below.

Table 2.3: Isotopic composition of naturally abundant xenon.

Isotope
Natural
Abundance
(%) [76]

0.09

0.09

1.92

26.44

4.08

21.18

26.89

10.44

8.87

Naturally abundant xenon, as opposed to a purified sample of a single isotope of xenon,
offers the benefit of isotope shifts in the absorption profile. The small difference in nucleus size
for each of the isotopes affects the distances by which the electron states are separated from
one another.

As the radius of the nucleus increases from the addition of neutrons and the

nucleus shape deforms in general, the center of mass of the nucleus shifts, and the gap between
the energy levels decreases, causing the smaller isotopes to be of slightly higher energy than the
54

larger isotopes. [77]

This brings about a spread of the absorption profile called isotope

broadening.
Seven of the nine isotopes are significant contributors to the absorption profile, since
the particularly low amounts of

and

make their effects negligible. Of these seven,

only two exhibit hyperfine splitting: the odd isotopes

and

. The other five even

isotopes exhibit a small shift from the fine structure line. This shift can be calculated based on
the mass ratio of the isotope size, according to the formula:

,

where

is the exhibited frequency shift,

being applied,

is electron mass,

(2.17)

is the frequency of the isotope to which the shift is

is the change in isotope number,

is nucleon mass, and

is atomic mass number. [78]
Based on the publication by Suzuki et al., [77] 132Xe can be taken as the center isotope,
which occurs at the fine structure absorption line exactly. The shift experienced by the other
four significant even isotopes is calculated according to equation (2.17), and given in Table 2.4.
The relative isotope shift is the same for each isotope about each fine structure transition line.

Table 2.4: Frequency isotope shifts of the even isotopes of xenon.

Isotope
128

Isotope Shift (MHz)
1.055343

130

0.492564

132
134
136

0
-0.431262
-8.08883
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From the values shown in Table 2.4, the even isotopes of xenon are proven to be very
closely clustered around the fine structure lines of each transition. The entire span of isotope
absorption incurred from these five isotopes only amounts to roughly 9.1 megahertz, and the
Fabry-Perot Interferometer implemented in the experiments of this thesis was limited to a
resolution of 7.5 megahertz. In the experimental setup, these shifts were not independently
distinguishable, but appeared as a single broadened absorption peak about the fine structure
line.

For simplicity, the even isotopes will be treated as a single absorption line in the

absorption profile plots generated from thesis data.
The hyperfine structure, on the other hand, causes much wider shifts and splittings in
the absorption spectra of each transition, and is unique to each transition. As discussed
previously for the case of cesium, hyperfine splitting is caused by the magnetic interactions of
the atomic components.

Whenever a charge is moving (including spinning electrons), a

magnetic field is induced. These magnetic fields give rise to small shifts in the electronic states,
which present themselves as the hyperfine absorption shifts unique to each isotope.
It is important to point out that the hyperfine splitting, also called nuclear-spin splitting,
is limited to the odd isotopes of xenon because of the isotope composition. Since xenon has an
even number of protons (54, by definition), an even number of neutrons cancels out any nuclear
angular momentum experienced by the nucleus through symmetry. The deformation of the
nucleus shape from an odd number of neutrons paired with an even number of protons,
however, creates the imbalance required for the nucleus to spin. [79]
Since the odd isotopes have nuclear angular momentum, they also have a characteristic
nuclear dipole magnetic moment,

which is the direct cause of the hyperfine splitting, similar

to the electron dipole angular moment,

, the cause of the fine-splitting of energy levels. As

one could infer from the size difference between the nucleus and an electron,
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is typically at

least three orders of magnitude smaller than

, meaning the hyperfine structure levels are

much closer together than the fine structure levels. [79]
The quantum number I is used to denote the nuclear angular momentum, which is
summed with the total electron angular momentum J to get the overall total angular
momentum of the atom, F. F can assume all of the values defined by:

|

|

(2.18)

providing each subsequent F value differs from the previous by exactly 1. [28] The isotope
has a nuclear angular momentum quantum number of
has a nuclear angular momentum number of

⁄ and the larger isotope

⁄ .

Very early on in the 1930s, it became apparent that the nuclear dipole moment alone
was not sufficient to accurately characterize all cases of hyperfine splitting; there was another
factor that sometimes added the slightest shifts in the hyperfine structure. In 1935, Schüler and
Schmidt determined this factor to be the interaction between the electric field of the electron
cloud and the electric quadrupole moment of the nucleus, Q. [49] This interaction determines
the charge distribution symmetry of the nucleus.
The nuclear angular momentum of the isotope is indicative of the charge distribution
symmetry of the atom. Atoms with

⁄ have spherically symmetric “force fields”

or

about their nuclei, giving them an electric quadrupole moment of

In these cases, the

quadrupole moment has no effect on the hyperfine structure and only the dipole moment
needs to be taken into consideration. However, in the case of

⁄ , the charge distribution

of the nucleus becomes an ellipsoid of revolution with a nonzero value of Q; Q is positive for a
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prolate ellipsoid, and negative for an oblate ellipsoid. [49] As a result,

does not have an

electric quadrupole moment and is spherically symmetric. Conversely,

does experience

additional shifting due to a quadrupole moment, and its nucleus is not spherically symmetric.
To calculate the theoretical hyperfine splitting of each isotope, all of the discussed
properties must be utilized. Again, the quantum mechanical approach of Perturbation Theory
becomes useful, and the energy of the hyperfine shift can be written as the Hamiltonian [28]:

(2.19)

where

is the hyperfine splitting constant derived from the dipole magnetic moment, and

is the hyperfine splitting constant associated with the electric quadrupole moment. Both
of these constants are experimentally determined, and are published throughout the literature.
After performing the vector operations, equation (2.19) can be reduced to the following:

,

(2.20)

where:

.

(2.21)

The presentation of this math by Steck [28] was verified as concurrent with the equations
presented in the dissertation of Cedolin, [79] as well as with the textbook The Physics of Atoms
and Quanta by Haken and Wolf. [49]
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Before performing these calculations to determine the hyperfine structure of

and

, the hyperfine structure of cesium was calculated from equations (2.20) and (2.21). These
numbers were in agreement with the well published hyperfine structure of cesium (shown in
Figure 2.5 in section 2.3), which validated the approach. The hyperfine absorption lines of the
two odd xenon isotopes were calculated following the same procedure, and are documented in
the subsequent sections.

⁄

2.5.1: Hyperfine Structure of the

The

⁄

⁄

⁄

Xenon Transition

excitation of metastable xenon requires a pump wavelength

centered around 904.8 nanometers. To calculate the exact wavelength of the transition, the
difference between the energy values for each level can be determined and applied to Planck’s
relation. The energy values for the two levels of interest are given in Table 2.5.

Table 2.5: Energy values for the 904.8 nm transition levels.

Configuration
⁄
⁄

Energy (cm-1) [80]
67068.0470
78120.2932

Energy (eV) [81]
8.3153155
9.6856199

These values, retrieved from the work of Humphreys and Paul, [80] as well as
the National Institute of Standard and Technology database, [81] produce an energy difference
of

electron volts, which when divided by Planck’s constant is found to

correspond to the frequency 331.33814 terahertz, or 904.79307 nanometers. The bulk of the
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absorption will occur in at or extremely near this wavelength. All of the even xenon isotopes
cluster around this absorption line, since only their slight mass difference causes a minute shift
for each isotope. However,

e and

e will both exhibit unique distributions of shifts from

their respective hyperfine structures.Table 2.6 gives the hyperfine splitting constants used for
⁄

the calculations of the hyperfine levels involved in the

⁄

transition. These

constants were derived by other researchers from experimental absorption data.
The constants for the

⁄

excited level were taken from the publication of Suzuki

et al. from 2002, [77] and the constants for the

⁄

metastable state were referenced

from the work of D’Amico et al. from 2000. [82] Applying these constants along with the
quantum number identifiers to equations (2.20) and (2.21), one can arrive at the values of the
frequency shifts for each sublevel, in hertz.

A positive value for the shift

indicates a

deviation above the unsplit transition line, and a negative value indicates a shift downward in
energy.
First calculating the possible values of F for each transition provides a framework for the
hyperfine structure. Since F is the total angular momentum of the atom calculated from
equation (2.18), it can assume at least two different values (a doublet structure). The total
angular momentum of the atom must be a combination of the electron angular momentum and
the nuclear angular momentum.

Table 2.6: Hyperfine splitting constants for the 904.8 nm transition.

Energy State
6p(5/2)2 [77]
6s(3/2)2 [82]

129 Xe
Bhfs (GHz)
Ahfs (GHz)
0
-1.3568
0
-2.3844
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131 Xe
Ahfs (MHz)
Bhfs (MHz)
401.6
235.3
705.4
255.7

As vector quantities, it is simple to see that the two momenta can either be coincident
and thus constructive with one another (add), or be contrary and be destructive to one another
(subtract). In the case of 129Xe, which has a nuclear angular momentum of

⁄ , the hyperfine

structure of each level will be limited to a doublet, since F values must be separated by s strict
value of 1. This principle can be thought of as the multiplicity of the angular momentum, since
the number of hyperfine levels will equate with
Table 2.7 below shows the calculated frequency shifts for both the metastable level and
⁄

the excited level of the

⁄

optical excitation transition. The orange arrow is

demonstrates the location of the unsplit transition between the doublet structure of each
energy level. Since both the metastable state and the excited state for this transition exhibit an
electron angular momentum of

, both states take on the same values of F. The frequency

shifts for each state differ, because the hyperfine constant associated with the dipole moment,
, is unique to each state.

Table 2.7: Calculations of the frequency spacings between the
hyperfine levels on 129Xe on the 904.8 transition.

Hyperfine Splitting of 129Xe
on the 904.8 nm Absorption Line
F

I

J

K/2

Δf (GHz) = Ahfs *K/2

1 1/2

1/2

2

2.0352

2 1/2

1/2

2

-1.50
1.00

-1.3568

331.34 THz
(Unsplit Transition)
1 1/2

1/2

2

-1.50

3.5766

2 1/2

1/2

2

1.00

-2.3844
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Figure 2.6: Hyperfine structure of 129Xe around the 904.8 nm absorption line.

The data presented in Table 2.7 can be displayed more visually in the form of an energy
level diagram, as in Figure 2.6 above. The energy level diagram is useful for identifying the
permitted electron transitions of the system, which follow two simple rules. First, an electron
cannot move between hyperfine levels within its fine structure level; the electron must move
between the fine structure levels and change parity. Second, an electron can only change its
overall angular momentum, F, by either 0 or 1. [49] [79]
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The calculations above demonstrate that the

129

Xe isotope splits into four separate

transition lines, instead of a single transition line like the even isotopes of xenon, around the
⁄

⁄

excitation. Each one of the four lines shown in Figure 2.6 should be

visible in the absorption spectrum of the experiments conducted in this thesis. The varying
absorption strengths of these lines is much more difficult, and somewhat trivial, to predict.
However, past measurements of the absorption spectra in the literature, specifically the work of
Suzuki et al., [77] will be used as a reference to ensure the experimental data is valid.
With the even isotopes dominating absorption around the unsplit 904.8 nanometer
transition, and the

129

Xe isotope hyperfine levels calculated above, the hyperfine structure of

the 131Xe isotope was the final piece of the puzzle left to be determined. The same calculations
were carried out for

131

Xe, as they were for

129

Xe, only taking into consideration the nonzero

quadrupole moment of the heavier isotope. The miniscule quadrupole shift was adjusted for in
each of the hyperfine levels of both the

⁄

⁄

excited state, and the

metastable

state.
Since

131

Xe is characterized by a nuclear angular momentum of

angular momentum for a

131

Xe atom can assume four values (unlike

⁄ , the total

129

Xe, which can only take

on two). This establishes that the hyperfine structure for 131Xe will be dominated by quartets, as
opposed to doublets.

The

131

Xe hyperfine structure will thus split into more levels, and

depending on the transition, permit many more absorption lines than
frequency shifts for 131Xe about the

⁄

⁄

129

Xe. The consequent

transition are given in Table 2.8. The

red arrow in the table denotes the location of the unsplit transition level with respect to the
hyperfine structure levels. The frequency shift values are added or subtracted from the unsplit
transition frequency in accordance with their associated signs.
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Table 2.8: Calculations of the frequency spacings between the
hyperfine levels on 131Xe on the 904.8 transition.

Hyperfine Splitting of 131Xe on the 904.8 nm Absorption Line
F

I

J

K/2

Δf (GHz) = Ahfs*K/2

3 1/2

1 1/2

2

3

1.2048

2 1/2
1 1/2
1/2

1 1/2
1 1/2
1 1/2

2
2
2

-0.5
-3
-4.5

-0.20080
-1.2048
-1.8072

Quadrupole Shift
Factor (Unitless)
-0.37500
-0.63021
-0.50000
-0.29688

New Δf (GHz)
1.11656250
-0.349088021
-1.32245000
-1.87705469

331.34 THz
(Unsplit Transition)
3 1/2

1 1/2

2

3

2.1162

-0.37500

2.02031250

2 1/2
1 1/2
1/2

1 1/2
1 1/2
1 1/2

2
2
2

-0.5
-3
-4.5

-0.35270
-2.1162
-3.1743

-0.63021
-0.50000
-0.29688

-0.513844271
-2.24405000
-3.25021094

Again, these numbers are best represented graphically in an energy level diagram. The
⁄

energy level diagram for hyperfine structure of 131Xe about the

⁄

transition

is shown in Figure 2.7. The more complex quartet structure of both the metastable and excited
state gives rise to many more absorption lines than seen for

129

Xe. There are ten possible

unique transition lines from the 131Xe isotope. Many of these ten lines are placed in very close
proximity to other lines within the

131

Xe hyperfine structure, which make them difficult to

distinguish in typical, basic absorption spectroscopy experimental setups. Several of these lines
are also severely close to the absorption lines of the even isotopes and the

129

Xe hyperfine

structure, which implies these lines will create a broadening effect on the absorption profile.
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Figure 2.7: Hyperfine structure of 131Xe around the 904.8 nm absorption line.

Transition selection rules, which require both a change in parity, and a change in angular
momentum following

, dictate the ten allowed transitions A through J shown in

Figure 2.7. From the figure, the overlap of the lines becomes even more apparent. Line pairs B
and C, D and E, G and H, and I and J are all separated by less than 300 megahertz. This means
that a resolution smaller than 300 megahertz would be required to resolve these lines
individually, if the contributions of other broadening effects could be eliminated (such as
Doppler broadening). Pursuing these high resolution measurements holds merit for some fields
of science, but for the intended application of metastable xenon as a possible laser gain
medium, designing an experimental setup with such high sensitivity would be excessive.
65

⁄

Overall, the absorption profile observed from the

⁄

excitation

should incorporate nineteen separate lines: five from each of the even isotopes present in high
enough volumes to be observed (128Xe,
structure of

130

Xe,

132

Xe,

129

134

Xe and

Xe, and ten from the hyperfine structure of

136

Xe), four from the hyperfine

131

Xe. Overlap and close proximity

between most of these lines creates a limit on the observable absorption peaks with respect to
the resolution of the experimental setup. In actuality, it is more likely to observe one broad
absorption peak from the even isotopes, and a series of a few small broad peaks to encompass
the remaining hyperfine absorption lines.
⁄

⁄

With this theoretical structure model of the

excitation, it is possible to evaluate the experimental data collected while

conducting the research for legitimacy and accuracy.

⁄

2.5.2: Hyperfine Structure of the

The

⁄

⁄

⁄

Xenon Transition

excitation requires a wavelength of 882.18317 nanometers,

or 331.33814 terahertz, according to the energy level values for the fine splitting published by
Humphreys and Paul, [80] as well as the National Institute of Standards and Technology. [81]
These values are given in Table 2.9, and the Planck relation was applied to ascertain the
transition wavelength.

Table 2.9: Energy values for the 882.2 nm transition levels.

Configuration
⁄
⁄

Energy (cm-1) [80]
67068.0470
78403.5557
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Energy (eV) [81]
8.3153155
9.7207401

Just as in the case of the

⁄

⁄

transition, the

⁄

⁄

transition displays isotope frequency shifts and broadening. The even isotope transition lines
cluster about the fine-splitting frequency calculated above, with the larger isotopes of slightly
lower energy (and thus frequency), and the smaller isotopes of marginally higher energy. The
hyperfine structure of the odd isotopes must again be calculated in order to make an accurate
prediction of the absorption profile. Table 2.10 provides the hyperfine splitting constants
required to determine the hyperfine structure of each odd isotope, as published and
determined from the experimental data of Walhout et al. [75] and D’Amico et al. [82]

Table 2.10: Hyperfine splitting constants for the 882.2 nm transition.

129 Xe

Energy State

Bhfs (GHz)
0
0

Ahfs (GHz)
-8.7600
-2.3844

6p(5/2)3 [75]
6s(3/2)2 [82]

131 Xe
Ahfs (MHz)
Bhfs (MHz)
259.4
241.0
705.4
255.7

The hyperfine structure of the 129Xe isotope is again much simpler to compute then the
131

Xe isotope, because this isotope does not have a quadrupole moment, and its nuclear angular

momentum limits each level to a doublet structure. The calculations for the frequency shifts
around the

⁄

⁄

transition can be found in Table 2.11. The orange arrow

depicts the unsplit transition with respect to the calculated hyperfine levels. In this instance, the
metastable state and the excited state have different electron angular momentum values, J.
This generates different values for the total angular momenta, F, for each respective state,
whereas in the previous transition, they were the same.
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Table 2.11: Calculations of the frequency spacings between the
hyperfine levels on 129Xe on the 882.2 nm transition.

Hyperfine Splitting of 129Xe
on the 882.2 nm Absorption Line
F

I

J

K/2

Δf (GHz) = Ahfs*K/2

2 1/2

½

3

1.7520

3 1/2

½

3

-2.00
1.50

-1.3140

339.83 THz
(Unsplit Transition)
1 1/2

½

2

-1.50

3.5766

2 1/2

½

2

1.00

-2.3844

Taking the frequency shift values from Table 2.11 and applying them to the unsplit
transition, it was straightforward to arrive at the electron diagram for the hyperfine structure
depicted in Figure 2.8. In this case, there are only three permitted transitions that obey the
⁄ level of the metastable state cannot transition to the

selection rules. The

of the excited state, since that would require

⁄ level

, which is not allowed (it must be one or

zero). The frequency and wavelength values of the three absorption lines that result from the
hyperfine structure of

129

Xe at the

⁄

⁄

transition were calculated by adding

or subtracting the frequency shifts from the center line, in accordance to the sign designation of
the shift and the energy level placement above or below the unsplit transition levels.
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Figure 2.8: Hyperfine structure of 129Xe around the 882.2 nm absorption line.

The hyperfine structure of the 131Xe isotope at the
once again more complex than that of the

⁄

⁄

excitation was

129

Xe isotope. Both the excited state and the

metastable state form a quartet structure, as a result of the multiplicity of the nuclear angular
momentum, I. After calculating the frequency shifts due to the dipole moment and quadrupole
moment and summing them, the overall frequency shifts for each level in the quartet structures
of the

⁄

⁄

excitation in 131Xe were determined to be the values presented in

Table 2.12. The red arrow designates the location of the fine-structure transition with respect
to the hyperfine structure.
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Table 2.12: Calculations of the frequency spacings between the
hyperfine levels on 131Xe on the 882.2 transition.

Hyperfine Splitting of 131Xe on the 882.2 nm Absorption Line
F

I

J

K/2

Δf (GHz) = Ahfs*K/2

4 1/2

1 1/2

3

4.5

1.1673

3 1/2
2 1/2
1 1/2

1 1/2
1 1/2
1 1/2

3
3
3

0
-3.5
-6

0.0000
-0.9079
-1.5564

Quadrupole Shift
Factor (Unitless)
-0.29375
-0.50000
-0.42708
-0.25000

New Δf (GHz)
1.09650625
-0.120500000
-1.01082708
-1.61665000

339.83 THz
(Unsplit Transition)
3 1/2

1 1/2

2

3

2.1162

-0.37500

2.02031250

2 1/2
1 1/2
1/2

1 1/2
1 1/2
1 1/2

2
2
2

-0.5
-3
-4.5

-0.35270
-2.1162
-3.1743

-0.63021
-0.50000
-0.29688

-0.513844271
-2.24405000
-3.25021094

Using the values from Table 2.12, an energy level diagram can be constructed. The
energy level diagram of the hyperfine structure of 131Xe at the

⁄

⁄

transition

is illustrated in Figure 2.9. Transition selection rules permit the nine different absorption lines
shown in the figure. For this transition, there are many close proximity lines. Line pairs C and
D, as well as F and G, are less than 300 megahertz apart, while lines D and E, E and F, and H and I
are separated by less than 400 megahertz. With these frequency spacings, one would expect to
observe significant broadening of the absorption profile peaks to accommodate all of these
individual hyperfine transitions.
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Figure 2.9: Hyperfine structure of 131Xe around the 882.2 nm absorption line.

After a thorough investigation of the properties of naturally abundant xenon, specifically
two of the fine-structure transition lines occurring at 904.8 nanometers and 882.2 nanometers,
there is confidence that naturally abundant xenon will prove to be a suitable laser gain medium
in a Diode Pumped Rare Gas Laser (DPRGL) scenario. The isotope broadening caused by the mix
of seven naturally-occurring stable isotopes, two of which have hyperfine structure, increases
the linewidth of the absorption profile.
With a broad absorption profile, a larger portion of the pump source linewidth can be
utilized for energy transfer.

Matching the absorption profile width to the pump source
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linewidth (in this case, diodes), is a major goal in order to increase the potential efficiency of
such systems. Additional in-depth studies will need to be conducted to determine if expanding
the absorption profile further through techniques such as pressure broadening could benefit the
performance of a proposed DPRGL system.

2.7: Optical Pumping

The absorption spectra provided by atoms such as cesium and metastable xenon can be
observed through optical pumping, which is a critical component of the lasing process. Pumping
can be direct, in which the lasing species is excited from the ground state directly to the upper
laser level, or it can be indirect, in which the electrons are pumped to an intermediate level
before reaching the upper lasing level, a scenario that is much more common. [38] Indirect
pumping involves a transfer of energy, which is why it is aptly referred to as the “pump and
transfer” method.
Lasers can be provided the required energy for excitation in several ways. One method
is through optically pumping your gain medium with photons (i.e. flash lamp pumping, or lasers
pumping other lasers). Another method is pumping the gain medium with particles such as
electrons. The Diode Pumped Rare Gas Laser (DPRGL) is an example of indirect and pumping
which requires both an RF discharge, and a stream of photons allow the xenon to become
excited.
In the case of the proposed DPRGL, an RF discharge of up to 600 W is induced across the
laser gain medium (a glass tube filled with an approximately 5:1 mixture of xenon and helium
gas). This discharge brings the xenon into what is referred to as a metastable state (Xe*).
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Incidentally, some of the helium is also excited to a metastable state, much like it is from the
electric discharge that causes helium-neon lasers to function, however this is not a critical
element in the process. The Xe* atoms then collide with the helium atoms, thereby transferring
some of their energy to the helium. This causes the Xe* to relax into what will become the
upper lasing level of the system, and is the “transfer” step of the pump and transfer method.
At first, spontaneous emission will occur, allowing a photon to be emitted as the
electron naturally falls from the upper lasing level to the lower lasing level. The fallen electron is
either once again optically pumped, or released to the ground state of xenon so that the process
can continue from the start. The three level lasing model, illustrated in Figure 2.10, shows one
of the most basic scenarios for indirect pumping. For an atomic laser, this process includes an
initial pump process which populates an intermediate energy level with electrons. Some form of
energy transfer takes place to move the electrons to the upper lasing level; collisions with other
electrons, atoms or molecules are typical methods to transfer this energy. As the electrons
move from the upper lasing level back down to the ground level, photons are released.
Stimulated emission and a proper cavity design produce a laser from these steps.

Figure 2.10: General three-level atomic laser scheme, using indirect pumping.
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Of course, there are much more complicated laser schemes that utilize four or more
levels in the pumping and lasing process. However, the three-level laser scheme is most
pertinent to DPRGL systems. The DPRGL setup generally follows the three-level laser model,
with the exception that the pumping phase includes both an RF excitation step, as well as an
optical pumping excitation step. The lasing scheme of a DPRGL is illustrated in Figure 2.11.
With the exception of the RF discharge, the pump and lasing scheme shown in Figure
2.11 was successfully observed by Han and Heaven. [1] The two researchers also conducted
similar experiments using krypton and argon as the active gain media, to help unify the
metastable rare gas model. Their work, which relied on an electric discharge to populate to
metastable state instead of an RF discharge, provides evidence that the excited electrons return
to the original metastable state upon lasing.

Figure 2.11: A possible pump and lasing scheme for xenon (Paschen notation).
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This being the case, it may not be necessary to provide a continuous RF or electric
discharge to sustain lasing. If the electron populations in each energy level can be controlled
and directed, it may be possible to support the metastable state population from only periodic
excitations, which would increase the overall power efficiency of the proposed system. Further
research needs to be conducted to evaluate this premise, as the energy cost of igniting the
discharge is much more significant than maintaining the plasma.
Choosing the intermediate state to which to optically pump will ultimately be left to
experimental determination. However, already published properties for the excited energy
levels, most notably the oscillator strengths from the metastable state, given as f, and the Landé
g-factors, suggest that pumping along the 882.2 nanometer transition will be the most beneficial
in terms of efficiency. The work of Xia et al. [74] provides these quantities for further review,
and they are related in Table 2.13 below. Both these quantities are dimensionless. The Landé gfactors are the degeneracy factors of their respective levels.

Table 2.13: The Landé g-factors and oscillator strength of xenon energy levels of interest.

Energy Level
(Paschen notation)
1s5
2p10
2p9
2p8

Landé g-Factor
[74]
1.5
1.853
1.106
1.333

Oscillator Strength,
,
from 1s5 Level [74]
0.24
0.12
0.56

75

Transition Wavelength
from 1s5 Level (nm)
980.2
904.8
882.2

The quantities presented in Table 2.13 can be used to calculate the Einstein coefficients
A and B for each of the transitions from the metastable state.

The radiative transition

probability, also known as the spontaneous emission decay rate or the Einstein A coefficient,
can be calculated from the following simplified equation published in Silfvast: [38]

( )

⁄

.

(2.22)

Here, the subscripts u and l denote the upper and lower levels of the transition. The quantity flu
is defined as the absorption oscillator strength, and is the quantity provided in Table 2.13. The
wavelength of the transition is represented by λ.
Once the coefficient associated with spontaneous emission,

is calculated, it is

simple to determine the other two Einstein coefficients, the first correlated to stimulated
emission,

, and the other linked to absorption,

. These equations can be found in many

laser textbooks, including that of Silfvast: [38]

,

(2.23)

.

(2.24)

where h is Planck’s constant, and:

Applying equations (2.22) through (2.24) to the values in Table 2.13, one arrives at the values for
the Einstein coefficients presented in Table 2.14.
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Table 2.14: Calculated Einstein coefficients for the three laser transitions of interest.

( )

Wavelength (nm)

(

)

(

)

980.2

1.348E+07

7.624E+20

9.418E+20

904.8

1.325E+07

5.895E+20

4.347E+20

882.2

5.398E+07

2.226E+21

1.978E+21

These values will be of use for future investigations of the proposed system. It is useful
to recognize that the 882.2 nanometer transition, which occurs between energy
levels

⁄

⁄

, presents the highest absorption oscillation strength,

the largest absorption coefficient,

, as well as

, by almost an entire order of magnitude. This transition

should provide stronger absorption when compared to the

⁄

⁄

excitation.

2.8: Previous Studies

There were three major published works used for reference in the experiments of this
thesis. The primary reference for the Diode Pumped Rare Gas Laser (DPRGL) application of the
work was conducted by Han and Heaven. [1] The two references which provided the bulk of
the metastable xenon physical properties and constants, including illustrations of the absorption
spectra, were based on the work of Xia et al. [74] and Suzuki et al. [77]
The research of Han and Heaven is of critical importance, because it has established
both proof of concept of DPRGLs, and the system parallels with Diode Pumped Alkali Lasers
(DPALs). In their experiments, they utilized an old excimer laser cavity to generate metastable
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rare gas atoms from an 18 kilovolt electric discharge. Their work focused primarily on argon as
the active gain medium, but they also reported some results using krypton and xenon.
The excimer cavity was filled with a combination of approximately 25 torr of argon,
krypton, or xenon, and 150 to 1500 torr of helium. The high pressure of helium was necessary
to aid the spin-orbit relaxation between the intermediate pump level, p[5/2]3, and the upper
lasing level, p[1/2]1. Using a pulsed electric discharge, a pump laser and a probe laser, Han and
Heaven were able to successfully observe infrared wavelength lasing of the metastable rare
gases. They were able to measure gain at system pressures above 450 torr, and the gain
increased with pressure up to roughly 1000 torr, where it began to reach an upper limit. [1]
In their preliminary experiments with xenon, Han and Heaven pumped their system at
882.18 nanometers, and observed lasing at 980.24 nanometers. The lasing wavelength indicates
that the electrons are returning to the same metastable state from which they were optically
pumped as photons are emitted. This suggests it may be possible to re-pump these electrons
optically immediately after they release a photon, however future work will need to be
conducted to evaluate the validity of this premise.
The second source that was used extensively as a reference was the publication by Xia
et al. which investigated the transitions from metastable xenon for applications in atomic clocks.
[74] With the goal of producing spin-polarized nuclei of 129Xe, Xia et al. examined the hyperfine
structures of the 823 nanometer transition, and the 882 nanometer transition, in a series of
both absorption spectroscopy and magnetic resonance experiments. Ultimately, Xia et al.
determined

129

Xe was not a suitable candidate for an atomic clock, but their published

absorption profile of the hyperfine structure of

129

Xe at 882 nanometers provided an ideal

reference by which to verify the shape of the absorption profiles observed during the
experiments of this thesis. The absorption profile was also compared to the theoretical
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calculations of the

129

Xe hyperfine absorption lines to ensure no mathematical errors were

incurred.
The final source that provided an invaluable reference was the publication by Suzuki et
al. [77] This group performed Doppler-free saturation absorption spectroscopy on excitations
from the metastable state of naturally abundant xenon. From their data, they calculated an
extensive set of hyperfine splitting constants (both dipole and quadrupole) for the two naturally
occurring odd isotopes of xenon. The researchers in the paper by Suzuki et al. compiled their
calculations with previous published results, where they existed, to provide a massive resource
on all nine of the transitions between the 5p56s and 5p56p energy levels. These constants, along
with some of the constants which they referenced, were used to perform the theoretical
calculations of the hyperfine structures of the odd isotopes in section 2.5 of this thesis. Their
high resolution absorption profiles, which uniquely distinguish the isotope shifts and hyperfine
structure of the 904.8 nanometer and 882.2 nanometer transitions, were also used to confirm
the theoretical calculations of hyperfine structure.
Outside of these three publications, there have been many discussions with other
experts among the field with regards to the DPRGL application. Several proponents of the DPAL
research endeavor have shown their support for the prospect of creating a similar system using
metastable rare gases. The research conducted in this thesis was an attempt to build a new
system which could contribute to the effort of realizing a new, power scalable laser that avoids
some of the limitations encountered by DPALs.
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CHAPTER THREE

CESIUM EXPERIMENT AND CALIBRATION

Cesium has one of the most extensively researched and well documented absorption
spectra of all of the elements. This is primarily because of its use in atomic clocks and the
scientific definition of the second. In order to calibrate the optical spectrum analyzer, and to
ensure the validity of the experimental setup for the metastable xenon experiments, absorption
spectroscopy was first performed on a standardized cesium reference cell.

3.1: Experiment Equipment and Setup

The two primary components of any absorption spectroscopy experiment
are a light source and a light intensity sensor. A tunable diode laser is typically
the best suited light source, because of its narrow laser linewidth and the ability
to perform controlled, finely-driven wavelength scans. The light intensity sensor
can be anything from a simple photodiode to a more complex power meter.

80

In addition to the two elements mentioned above, several pieces of equipment are
beneficial for increasing the resolution of the system, and aiding in overall implementation. An
Optical Spectrum Analyzer (OSA) or a wavemeter are useful for validating the changing laser
wavelength, and can significantly assist in locating the major absorption lines. Finding an
absorption line can sometimes be similar to finding a needle in a haystack, thus prior knowledge
of the laser wavelength takes away much of the uncertainty inherent in performing the scans.
However, most tunable diode lasers do not display their output wavelength inherently, and
there are many factors, including temperature and current, that influence the output
wavelength of the laser.
For this experiment, a portion of the laser beam was coupled to an optical fiber so that
it could be input to an OSA. An air-to-fiber coupler requires very strict alignment with the laser
beam.

Two tip and tilt mirrors, in conjunction with two sufficiently spaced irises, were

employed to obtain enough laser power in the fiber for signal measurement with the OSA.
Despite the ability of an OSA to survey a beam profile, most OSAs do not possess a high enough
resolution to distinguish the hyperfine splitting levels of a transition. For this reason, a
photodiode in concurrence with a Fabry-Perot interferometer (FPI) were chosen as the
absorption detectors in this experiment.
An FPI provides additional data regarding the scanning wavelength, and allows the user
to resolve closely places absorption lines. FPIs are resonance cavities, and like the air-to-fiber
coupler, require meticulous alignment with the incident laser beam. Again, a sequence of
mirrors and irises are useful tools for ensuring proper FPI alignment with the laser beam. The
particulars of how FPIs work, and the significance of the information they provide, will be
discussed in detail in section 3.1.3.
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For this experiment, the laser beam was split into the three components illustrated in
Figure 3.1. One beam passed through the cesium cell, which was placed inside a heater to
control the cesium vapor pressure, then was focused onto the photodiode. The second beam
was directed in the FPI, and the third beam was coupled into a fiber so that the signal could be
read by the OSA. The following subsections provide additional information and specific details
about each of these components.

Figure 3.1: Cesium D1 line absorption experiment equipment setup.
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3.1.1: Tunable Diode Laser

A Toptica DL 100 Pro tunable diode laser, equipped with a diode capable of a maximum
output power of 44 milliwatts and a wavelength range of 864 to 945 nanometers, was used in
these experiments.

So that changing the laser diode between the cesium and xenon

experiments would be unnecessary, the cesium D1 line at 894.59 nanometers was the chosen
calibration line.
The tunable diode laser is equipped with a hardware module to perform wavelength
scans across very small intervals, making it ideal for absorption spectroscopy experiments that
require high resolution to observe the hyperfine splitting of atomic states. This hardware, the
Digilock 110 module, also allows voltage signal based sensors to be input directly through the
laser control rack through SMA connectors, which bypasses the need for an external digital
oscilloscope. The Digilock 110 communicates with a control laptop through a USB connection to
create a virtual digital oscilloscope through commercial off-the-shelf software.

3.1.2: Absorption Detector

A silicon biased photodiode was implemented as the absorption detector.

The

photodiode provided a signal between 0 and 5 volts to the Digilock 110, based on the intensity
of the beam incident on the sensor. With a short rise-time of one nanosecond, the photodiode is
more than sensitive enough to respond to the variations from the tunable diode laser. A lens
was helpful to focus the laser beam onto the very small active area of the sensor, which is
roughly 0.8 square millimeters. Without the lens in place, much of the optical information from
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the laser was lost, as the beam was more than three times the size of the sensor area. Focusing
the entire beam down to a small point aided in alignment, and ensured all of the necessary
information was observed by the sensor.
Since the tunable diode laser performed its wavelength scan by varying the current
applied to the internal laser diode, the change in wavelength of the beam was visible on the
photodiode as a change in voltage. When a triangle wave was used to drive the laser scan, the
opposite triangle wave was observed as the voltage output of the photodiode. These voltages
provide a measurement of intensity. A power meter could be used to map the specific voltage
readings to an equivalent power level, should a power metric in watts be necessary.

3.1.3: Fabry-Perot Interferometer

In order to determine the frequency spacing on the virtual oscilloscope display, a FabryPerot interferometer (FPI) was employed. An FPI is essentially a resonance cavity consisting of
two confocal mirrors. In a static FPI, these mirrors are separated by a distance equal to the
radius of curvature of the mirrors. Scanning FPIs, on the other hand, have an adjustable mirror
separation distance. A scanning FPI is used in conjunction with a fixed wavelength, whereas a
static FPI is useful in applications where the wavelength is the scanning variable.
The FPI mirrors typically have anti-reflective coatings on the outward-facing sides, and
highly-reflective coatings on the inner sides. This allows a beam to enter the cavity, and when
the Bragg condition (equation 2.6) is satisfied, resonance is achieved for that particular mode n.
By aligning a sensitive photodiode to the output of the FPI cavity, it is possible to observe these
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modes as samples of drastically increased signal (high-transmittance lines), since the waves are
no longer dominated by destructive interference.
The confocal distance d is a critical element for determining the free spectral range
(FSR) of the FPI. By definition, the FSR is given by:

,

(3.1)

where c is the speed of light. [83] For a static FPI, the FSR is usually in the gigahertz range, and it
determines the spacing of the high-transmittance lines.

The FSR is the most important

parameter for absorption spectroscopy data, because it provides the information required to
determine the frequency scale for the absorption sensor data.
The reflectivities of the mirrors, r1 and r2, are important for calculating another central
parameter of FPIs, the finesse F, given by:

√
|

|

.

(3.22)

The finesse is generally regarded as the quality metric for the etalon, where a large finesse is the
most desirable, since it leads to sharper high-transmittance peaks. [83]
Collectively, the finesse and the FSR can be used to calculate the full width at half
maximum (FWHM) of the high-transmittance lines, through the relation:

.
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(3.3)

The higher the finesse, the smaller the FWHM, and the more narrow the high-transmittance
peaks become. The FWHM can be thought of as the resolution of the FPI, since it provides the
smallest known metric.
All together, an FPI provides a reliable “frequency comb,” as shown in Figure 3.2. The
specifications of the FPI used in this experiment can be found in Table 3.1 below. Considering
the expected spacing between the hyperfine absorption lines is on the order of gigahertz, the
resolution of this FPI is more than satisfactory for the intended experiment.

Table 3.1: The factory specifications of the non-scanning mode of the
Fabry-Perot Interferometer used in all experiments.

Fabry-Perot Interferometer Specifications
Free Spectral Range
1.5 GHz
Finesse
>200
FWHM (Resolution)
7.5 MHz

Figure 3.2: Example transmittance data from a Fabry-Perot Interferometer.
The resonant mode high-transmittance lines are a fixed distance apart.
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3.1.4: Cesium Reference Cell

The cesium sample used in these experiments was obtained as a commercial off-theshelf (COTS) Pyrex reference cell. The factory sealed cell is approximately one inch in diameter,
and 3 inches long. At room temperature, the internal pressure is on the order of 10-7 torr and
very near to vacuum. For this reason we can use the partial pressure of cesium, obtained from
a temperature-pressure curve such as the one provided by Steck, [28] as the pressure of the cell
at any given temperature.
Cesium is a solid at room temperature. To control the vapor pressure of the cesium, it is
necessary to elevate and control the temperature of the cell. A simple brick-style heater and
basic temperature controller were used to maintain cell temperature. The heater had small
openings on either end to allow the beam to pass through it and the cell. The partial pressures
of cesium under experimental conditions will be calculated for the pertinent scenarios below.

3.2: Experiment Results and Data Analysis

Using the experimental setup described above, absorption at the cesium D1 line was
successfully observed. The cesium D1 line is centered at 894.59 nanometers (in a vacuum). The
hyperfine splitting of this absorption line was discerned with the Ando AQ-6315E Optical
Spectrum Analyzer (OSA) reading the scan wavelength range as between 894.202 nanometers
and 894.248 nanometers. Subsequently, the cesium line provided a useful calibration point for
the OSA, as this implied a relative difference of approximately -0.4 nanometers between the
measured wavelength, and the actual wavelength.
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The calibration process for the OSA was straightforward and simple. It required a known
wavelength laser source above the -30 dBm threshold to be fed into the OSA. The tunable diode
laser was tuned to the cesium D1 absorption line, as seen in Figure 3.3 below. The OSA display
showed the peak wavelengths of this particular scan to range from 894.189 nanometers to
894.233 nanometers.

Figure 3.3: Cesium D1 absorption scan during optical spectrum analyzer calibration.

The scan was stopped on the middle wavelength, on 894.211 nanometers, so that a
static wavelength was seen by the OSA. Using the OSA user manual procedure, this wavelength
peak was calibrated to 894.593 nanometers, the known cesium D1 line. The OSA display output
before and after calibration are shown in Figure 3.4 below. Based on the calibration process, the
wavelength output of the system is now accurate within a range of ±0.022 nanometers, which is
an immense improvement on the pre-calibration accuracy.
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(A)

(B)

Figure 3.4: Output of the optical spectrum analyzer: (A) before calibration; (B) after
calibration.

3.2.1: Temperature Dependence of Absorption Strength

As expected, the strength of absorption was directly proportional to the temperature of
the cesium cell. As the temperature in the sealed glass cell increases, the vapor pressure of the
cesium increases, since more of the cesium atoms are entering a gaseous state. To see this
effect mathematically, the ideal gas law can be used to give a general estimate of cesium atom
population in the cell. Although the ideal gas law is known to not be completely accurate, and
there are a multitude of other more complicated (and debated) models such as the Van der
Waals corrections, and the Redlich-Kwong Equations of State, the ideal gas law does adequately
demonstrate the cesium vapor population dependence on temperature.
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The infamous ideal gas law states:

,

(3.4)

where R is the ideal gas constant, and in this case P is the partial pressure of the cesium vapor,

V is the volume of the glass cell, T is the temperature of the cell, and n is the number of moles
of cesium in the vapor state. From the technical drawings of the COTS cesium Pyrex cell, the
internal volume of the cell was calculated to be approximately
constant is known to be

. The gas

J K-1 mol-1, [84] which also works out to be the same value

with the converted units (m3 Pa K-1 mol-1) for easier calculations. Using the partial pressure
values of cesium from [28], it is possible to solve for n.
Once n (the mole value of cesium in the vapor state) is calculated, it can be converted to
the number of atoms through simple multiplication by Avogadro’s constant, given by
mol-1. [84] This provides an idea of the rough populations of cesium vapor
atoms at each temperature, which can then be correlated with the absorption strength at a
specific temperature. The values used for these calculations can be found in Table 3.2.

Table 3.2: Temperature dependence of the cesium vapor population.

(°C)
55
65
75
85

Temperature
|
(K)
328.15
338.15
348.15
358.15

Partial Pressure
(Pascals) [28]
0.00267
0.00667
0.01333
0.02666
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n
(mol)
2.9358E-11
7.1171E-11
1.3815E-10
2.6858E-10

Population
(atoms)
1.678E13
4.286E13
8.320E13
1.617E14

From these limited data points, the population of cesium atoms in the vapor state
seems to about double for each increment of 10° Celsius. Although this isn’t enough data to
make an exact correlation, it does provide insight into what should be expected in regards to the
absorption strengths of the lines; the intensity of the absorption should almost double as well.
One would expect that at a certain temperature, the vapor state would saturate, and the
amount of atoms that the laser beam is able to physically pump would reach an upper limit.
However, this was not encountered in the four sample temperatures of interest.
Figure 3.5 is a superposition plot of the experimentally obtained absorption spectra of
the cesium D1 lines (around 894.6 nanometers), demonstrating the change in absorption
strength for a range of four temperatures spanning from 55° Celsius to 85° Celsius. Each
temperature curve is the data collected from the photodiode placed in sequence with the
cesium cell in the beam path.

Figure 3.5: Plot showing increased absorption strength as the cell temperature increases;
raising the cell temperature increases the population of cesium vapor atoms.
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As the tunable diode laser scans in wavelength, the output power decreases because
the scan is driven by a triangle function of current being applied to the diode (and power is
proportional to current). This causes the general downward slant trend for each of the lines.
When the wavelength reaches an absorption line, a good portion of the beam energy is
transferred into the cesium atoms as they become excited into the 62P1/2 state, and less of the
beam power makes it to the photodiode. This results in the drastic dips in the signals at those
points, hence the term “absorption lines.”

3.2.2: Hyperfine Splitting of the Cesium D1 Line

As discussed in section 2.3, the hyperfine splitting of both the 62S1/2 ground state, and
the 62P1/2 excited state of the D1 line results in four possible distinguishable absorption lines.
Both of these spin-orbit states break into two hyperfine states, with total angular momentum
quantum number values of F = 3 and F = 4, which allows all four of the transitions to occur. The
four transitions of the D1 line were calculated using the data provided by Steck, [28] and are
shown in Figure 3.6. Since the 62S1/2 state has a wider split that the 62P1/2 excited state (9.1
gigahertz and 1.2 GHz, respectively), the origin of the electron has more of an influence on the
absorption wavelength than the terminal state of the electron.
As a result, the 62S1/2 state with F = 3 produces an absorption doublet feature, and
likewise the 62P1/2 state with F = 4 results in a slightly shorter wavelength (but higher energy)
absorption doublet feature. The average of these four lines becomes the “main” absorption D1
line at 894.59 nanometers. It is prudent to again note that applying an external magnetic field
to the cesium vapor would cause these hyperfine levels to split even further into 2F+1 sublevels.
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Figure 3.6: The four theoretical cesium D1 absorption lines, calculated from Steck [28].

In order to verify the observed doublet features are indeed the hyperfine levels of
cesium, calculating the theoretical absorption line separations and the experimental absorption
line separations is necessary. The theoretical calculations can easily be performed with the data
from Steck. [28] The experimental calculations can be performed by processing the collected
data, and using the information from the FPI to correlate the data to change in frequency.
All raw data is collected with respect to time, not frequency, since it is the Digilock 110
that is accumulating all of the signals and sending them to the software for display. Figure 3.7 is
an example of the raw data display, showing the x-axis in reference to time. The graph shows a
full cycle of the triangle function, where the wavelength of the laser slowly decreases, then
increases again. Since the FSR of the FPI is known to be 1.5 gigahertz, the high-transmission line
peaks can be used as the new metric for the x-axis in the intensity plots.
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It is also noteworthy that the high-transmission peaks from the FPI are not equal in
amplitude, but follow an almost sine-wave pattern. This is most likely the result of etaloning
from the parallel-plate style beamsplitter, and is very difficult to remove through alignment
adjustment while maintaining the integrity of the signal. Pellicle beamsplitters, although more
fragile and expensive, would probably help eliminate this feature and produce high-transmission
peaks of almost equal intensity.

Figure 3.7: Raw data collect on the cesium D1 absorption line, as displayed by the tunable
diode laser software package. CH 1 is the photodiode signal, and CH2 is the FPI.

In order to perform the data processing, the raw data text files were first imported into
MATLAB. The data points were flipped across the x-axis, so that the FPI high-transmission lines
and the absorption lines became peaks instead of valleys, and the built-in findpeaks function
could be exploited. The data of interest was limited to the area containing the four absorption
peaks on the first descending wavelength scan, and one FPI transmission peak on either side.
The generated data plots can be seen in Figure 3.8 through Figure 3.11.
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Figure 3.8: Generated frequency correlation plot of the cesium D1 line at 55° C.

Figure 3.9: Generated frequency correlation plot of the cesium D1 line at 65° C.

95

Figure 3.10: Generated frequency correlation plot of the cesium D1 line at 75° C.

Figure 3.11: Generated frequency correlation plot of the cesium D1 line at 85° C.
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To arrive at the above graphs, the locations of the FPI high-transmission peaks on the
time axis were used to find the spacing of the peaks, in regards to the integer number of data
points between each peak, P (named for point). The average value of the number of collected
data points between each measured peak, Paverage was calculated for each scenario, along with
the standard deviation, σP. A small σP indicates a uniform wavelength scan, as the resonance
peaks are almost equally spaced. These values were consistent at the four temperature trials,
and can be seen in Table 3.3.
The factory-specified FSR of 1.5 gigahertz of the FPI was then divided by the average
number of data points per peak-to-peak span. This value was used as the spacing increment for
the new x-axis in terms of frequency. Again, the MATLAB findpeaks function in was used to find
the locations of the FPI high transmission lines, this time with respect to the new x-axis. The
differences between these locations provided a calculated FSR on the new x-axis, which would
have to be accurate to maintain data integrity.

The average calculated FSR for all four

temperature trials ended up being 1.5 gigahertz, with exceptional standard deviation values,
σFSR, also shown in Table 3.3. This high accuracy between the known FSR and the average FSR,
with minute standard deviation, provides the necessary confidence to validate the approach.

Table 3.3: Basic statistics used to validate the generated frequency-based x-axis values.

Temperature

Paverage
(sample points)

σP
(sample points)

FSRaverage
(GHz)

σFSR
(GHz)

55° C
65° C
75° C
85° C

32.57
32.57
32.57
33.28

1.6
1.5
1.5
1.8

1.500
1.500
1.500
1.500

0.07
0.07
0.07
0.08
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With the frequency axis in place and correlated with the collected absorption signal
data, finding the relative placement of the absorption peaks is a simple task. The findpeaks
function in MATLAB generates two vectors: one for the peak value (y-axis), as well as one for the
peak location (x-axis). Taking the difference between each subsequent peak provides the
frequency spacing of the absorption lines, which can then be compared to theoretical calculated
values. These calculations are exhibited in Table 3.4.

Table 3.4: Experimental & theoretical frequency separations of the cesium D1 hyperfine
levels.

Frequency Spacing
55° C
65° C
75° C
85° C
Experimental Average
Experimental σ
Theoretical

Δf1 (GHz)
1.290
1.290
1.290
1.127
1.249
0.0814
1.168

Δf2 (GHz)
8.105
8.105
8.105
7.931
8.062
0.0870
8.025

Δf3 (GHz)
1.151
1.105
1.105
1.172
1.133
0.0335
1.168

Percent Error

6.945%

0.4592%

2.936%

The measured locations of the absorption peaks with respect to each other have an
acceptable amount of deviation from the true values, especially the mere 0.46% error on the
frequency spacing between the two doublet features. There are several possible causes for
error in the measured data. The most significant source of error for the cesium absorption
profiles is the stability of the laser as it changes scan direction. The FPI requires a very steady
scan, with a consistent change in wavelength over time. This means that tunable laser features
such as mode hops, or simply changing scan direction, can make the high-transitions resonances
of the FPI occur with variable frequency, instead of at the established FSR. The closer the
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photodiode absorption peak is to the extremities of the scan (where the scan direction
changes), the more likely it is to exhibit slightly higher percent error.
To minimize the error, adjusting the wavelength scan so that the cesium absorption
peaks are in the center of the graphs is advisable. However, due to limitations of the tunable
diode laser, this is not always possible. Mode-hops can be introduced while scanning across
larger intervals. A mode-hop is essentially a discontinuous point in the scanning capability of a
laser, usually caused by a limitation in the utilized scanning mechanism, coupled with a failing of
the cavity to sustain resonance in its current configuration. The Toptica DL 100 pro tunable
diode laser used in this experiment has a typical mode-hop free tuning range of 20 GHz, which
equates to roughly 13 peaks from the FPI. The spacing of the cesium D1 hyperfine features
requires a scan of 15 GHz, leaving very little space to avoid a mode hop.
The measured absorption profile was correlated with the known cesium transition line
frequency, as seen in Figure 3.12. To generate this plot, the first measured absorption peak
(which occurs at the lowest frequency) was assigned the lowest frequency hyperfine line, as
calculated from the values presented by Steck. [28] The rest of the axis was created by adding
or subtracting the frequency spacing axis from this point, as appropriate. The percent error of
the frequency peak values measured in this manner is given in Table 3.5, and all are negligible.

Table 3.5: Percent error calculations for the frequency-allocated absorption lines of cesium.

Measured Peak (THz)
335.1114
335.1125
335.1204
335.1216

Calculated Peak (THz)
335.1114
335.1125
335.1206
335.1217
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Percent Error
0.000000%
0.000000%
0.000060%
0.000030%

Figure 3.12: Frequency correlated measured cesium D1 absorption spectrum at 85° C.

The cesium absorption lines were successfully located and observed on multiple
occasions with consistency. After calibrating the OSA to the absorption line, and correlating the
absorption data with the frequency feedback provided by the FPI, a minimal percent error was
calculated between experimental and truth values. These results established confidence in the
methods and equipment used in the experiment, so that the absorption lines of xenon could be
measured with certainty.
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CHAPTER FOUR

DESIGN OF XENON EXPERIMENT

In order to conduct this research, many unique components had to be designed and
built from the ground up. Figure 4.1 illustrates the experimental design for measuring the
absorption of metastable xenon. Note that the design allows for the presence of additional
buffer gases that may be used at a later date. Placements of these components were selected to
minimize movement of the delicate glass test cell, and allow easy access to all user controls.
The five chief components of the experiment are the vacuum gas manifold system, the
glass test cell (which is enclosed in a Faraday cage), the Radio Frequency (RF) discharge source,
the tunable diode laser, and the computer interface. The RF discharge source, the tunable
diode laser and the computer interface were all COTS systems adapted for the needs of the
experiment. The vacuum system as well as the test cell and enclosure were designed and built
explicitly for this experiment.
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Figure 4.1: Experimental setup for metastable xenon absorption experiments.

4.1: Gas Flow and Pressure Control

In order to conduct this experiment, an apparatus to control the pressure and gas
delivery to the cell needed to be constructed. A gas manifold was built, which linked a vacuum
pump system to a gas manifold and the glass test cell. Stainless steel tubing was the chosen
material from which to construct the manifold, due to its resistance to corrosion and oxidation.
Swagelok compression fittings were used for most connections, in addition to several K-flat
flanges. To seal to the glass tubing of the test cell, an UltraTorr fitting was the most appropriate,
vacuum-stable solution. Convoluted stainless steel tubing was used in place of rigid tubing in
two areas: the connection of the vacuum pump network to the rest of the system, for ease of
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use, and in connecting the glass test cell to the system, to minimize risk of exerting unintended
force on the delicate glass.
Extensive testing was required to verify that the system could adequately maintain a
vacuum. After two successful trials spanning 70 minutes and 113 minutes, a leak rate averaging
1.66 millitorr per minute was calculated from the higher accuracy capacitance gauge, and an
average leak rate of 34.5 millitorr per minute was calculated from the thermocouple gauge.
Both values indicate the system sufficiently maintained pressure.
To add the flexibility of incorporating testing of the other noble gases and gas mixtures,
the gas manifold was designed to incorporate tanks of helium, neon, argon, krypton, and xenon.
Omega FMA5406 model mass flow controllers (MFCs) were implemented to manage gas
delivery from the gas canisters to a gas reservoir, and from the gas reservoir to the test cell. A
reservoir was chosen to provide consistency in future experiments requiring gas mixtures to be
supplied to the cell, as opposed to a single type of gas. At the time of the experiments in this
thesis, only helium and xenon were attached to the gas manifold, and all other connections
were plugged.
The MFCs are computer controlled through a National Instruments Data Acquisition
chassis (cDAQ-9174) equipped with an NI 9201 module and an NI 9264 module, for monitoring
and setting the flow rate, respectively. The flow rate of the MFC is set by applying a 0-5 volt
direct current signal to the appropriate pins on the MFC. A control laptop connected to the
cDAQ-9174 through a USB connection provides the user-chosen voltage value to the NI 9264,
which then outputs the voltage signal directly to the correct MFC pins.
A signal of 0 volts closes the MFC completely, while a signal of 5 volts permits maximum
gas flow, which is rated as 50 milliliters per minute of nitrogen gas (N2). Since the MFCs are
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calibrated using N2 as the reference gas, calculating the flow rate for each rare gas requires
implementing a gas factor, or “K” factor in the following formula [85]:

(4.1)

where Qgas is the flow rate of the desired gas, Qref is the flow rate of the reference gas, and:

⁄

.

(4.2)

Using these definitions and the K factor values provided in [85], the maximum flow rate
of the MFC for xenon is roughly 14.4 milliliters per minute, which is achieved when 5 volts is
applied to the MFC. Since xenon is monoatomic and thus smaller and more mobile, it makes
sense that it would flow faster than diatomic nitrogen through the same system.
As illustrated previously in Figure 4.1, the gas tanks and attached regulators were
connected to a mixing manifold after passing through the MFCs. A gas reservoir chamber and a
thermocouple pressure gauge (Varian ConvecTorr Gauge) were attached to one end on the
mixing manifold. The final output of the manifold was connected to the vacuum pumps, a
capacitance manometer (Varian CDG-500), and the glass test cell through both an additional
MFC and a micro-valve. The micro-valve was implemented for flowing smaller volumes of gas
than permitted by the MFC (which is limited by its response time). The pressure readings from
both of the gauges were continuously visible on a Varian XGS-600 gauge controller, with
additional readout options in LabVIEW.
To fill the test cell, the MFC connecting the vacuum pumps and the mixing manifold was
opened by applying a 5 volt signal to the MFC using the National Instruments Measurement and
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Automation Explorer (NIMAE) software on the laptop. The Edwards roughing pump was then
implemented to pump the whole system below a 350 millitorr pressure reading according to the
thermocouple gauge, at which point the turbo pump could take over.
According to the thermocouple gauge, the Varian turbo pump was reliably able to
achieve pressures below 150 millitorr for the whole system. Since the thermocouple gauge is
only rated for 30% accuracy within a pressure decade over a range of 10 -4 torr to an
atmosphere, and the much more accurate capacitance gauge (0.20%) is limited to a minimum
pressure reading of 10-1 torr, a cold cathode pressure gauge was temporarily attached to the
system to determine the minimum pressure attained. The cold cathode gauge measured
pressures of the magnitude 10-5 torr, giving confidence to the vacuum-achieving capabilities of
the system. During experimentation, only the thermocouple gauge and the capacitance gauge
were utilized.
To ensure minimal contamination from air, a pump and purge approach was adopted
before each experiment was conducted. This process involved pumping the entire system down
to below 150 millitorr using the turbo pump, flooding the entire system with xenon gas, then
again pumping the system down to below 150 millitorr. This process was repeated at least
twice for the initial cell filling, and once before each subsequent filling.
Once the system was adequately prepared for an experiment, the system was pumped
down until the thermocouple gauge read at or below 150 millitorr. Then the open MFC valve
connecting the “top half” (the reservoir) and the “bottom half” (the test cell) of the system was
closed, to isolate the two parts of the system. The NIMAE software was then employed to flow
an ample amount of xenon gas into the reservoir, creating the necessary pressure differential
for a controlled flow into the test cell.
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Briefly applying a 1 volt signal to the MFC connecting the reservoir to the cell allowed
minimal gas flow between the two elements. Once the desired pressure of xenon was achieved
inside the test cell, the MFC valve was closed. By nature, the MFCs take roughly a second to
fully close and inhibit gas flow, so it was necessary to undershoot the desired pressure slightly
and allow the cell pressure to stabilize for a few seconds after closing the valve. The capacitance
gauge was used monitor the pressure inside the cell at all times.
Future experiments plan to implement a LabVIEW user interface to more precisely
control the gas flow parameters. This will be immensely important for tests involving gas
mixtures, so that an accurate record of partial pressures can be kept. Preliminary code has been
written to accomplish this task, but for the purposes and requirements of the pure xenon
experiments, using the NIMAE provided a suitable, quick solution.
The current plumbing of the gas system is limited to having only helium and xenon as
accessible gases into the reservoir and test cell using the MFCs. Neon, argon, and krypton
canisters are in place, but not physically attached to the mixing manifold. The present gas flow
system is shown in Figure 4.2. The right of the photo shows the arrangement of the gas canisters
and regulators. The MFCs are the three black boxes in the system, and the pressure gauges are
vertically oriented in the far left of the photo. The vacuum pumps (not pictured) are on the floor
at the foot of the optics table.
The experiments in this thesis required a unique test cell be designed and fabricated to
meet several core requirements. It was essential that the cell had a gas inlet which could be
affixed to the vacuum and manifold system. It was also mandatory that the orientation of the
discharge components allowed a laser beam to pass completely through the cell. Finally, the
anticipated high power levels of the discharge necessitated a water cooling system.
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Figure 4.2: Gas flow & vacuum system designed and built for the experiments in this thesis.

4.2: Rare Gas Test Cell

There were two main discharge options for attaining plasma: an electric discharge or a
radio frequency (RF) discharge. Electric discharges are common in many laser systems, including
the helium-neon laser, as well as excimer lasers discussed previously. [38] RF discharges have
been utilized in CO2 lasers, and even in some helium-neon laser configurations. [86]

After

evaluating the safety risks and risk mitigation options of both possibilities, using an RF discharge
was determined to be the safer of the two routes. The RF discharge was also concluded to
provide a more stable discharge; they tend to form “spatially uniform plasmas” through a more
symmetric energy distribution. [86] It is also possible to minimize parasitic losses in an RF
plasma by the means of a capacitive matching network. [87]
Once the decision was made to pursue an RF discharge, the choice remained between
designing a capacitively coupled plasma (CCP), or an inductively coupled plasma (ICP). A CCP
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generates plasma by forming an electric field between two conductive plates, or electrodes,
somewhat similar to the configuration required for an electric discharge. [88] An ICP, on the
other hand, produces the plasma from a magnetic field inside an induction coil. [89] A CCP
configuration was selected for the primary rationale that implementing the CCP would be a less
complicated endeavor with the COTS RF system already on hand.
Given the resolution to use a CCP, electrode shape and placement became a critical
design factor for the test cell. The initial thought was to orient the electrodes parallel to the
laser beam propagation direction. Since this configuration would be inhibited by the cylindrical
shape of common glass tubing, it was instead decided to implement flat toroidal electrodes
perpendicular to the laser beam propagation direction, concentric with the glass cylinder.
The final cell design component was the water cooling jacket. In order to prevent
overheating of the cell and failure of the glass, supplying a coolant flow around the discharge
chamber was advised. An external computer water cooling system, a Koolance Exos (EX2-1055)
was chosen for this task. To prevent corrosion and biological growth from developing in the
water system, Koolance LIQ-702 was added to the flowing water at the recommendation of the
Koolance user’s manual. It is advised that the coolant be changed every two to three years, or if
there are changes in clarity of the liquid. The condition of the coolant must be monitored to
ensure continued proper operation of the experimental setup.
The first iteration of the test cell (Figure 4.3) imitated a custom electric discharge cell
from previous, unrelated experiments. It consisted of a single gas inlet, which filled the narrow
glass tube with gas. This narrow tube was surrounded by a small water jacket with a quarter
inch glass tube water inlet and outlet.

After this cell cracked during fabrication, it was

redesigned to be larger and more robust, to be better suited for the RF discharge.

108

Figure 4.3: First generation test cell. The yellow, uranium doped glass was necessary to form a
vacuum tight seal around the electrode wires.

Figure 4.4: Water-cooled second generation rare gas test cell.
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The second generation cell was used for the xenon experiments in this thesis. To
improve upon the first generation cell, several modifications were made to the design. These
changes were made after reaching an increased understanding of the nature of the RF
discharge, and after receiving advice from the glass blower who fabricated the cell on his
capabilities and experience. Figure 4.4 is an illustration of the improved second generation cell.
The biggest change to the cell was its increased size.

Increasing the volume of

discharge area was advisable to produce a larger population of metastable rare gas atoms. The
gas chamber was formed from ¾ inch glass tubing, constricted in the center to form an
hourglass shape. This taper would prevent the electrodes from getting too close. Two slightly
smaller pieces of glass tubing were placed inside the gas chamber, to ensure the RF electrodes
remained upright and flush with the taper. These stabilizing glass cylinders were cut with a
longitudinal slit to guide the electrode wire. They also function to minimize the gas volume
required in the non-active area of the gas chamber.
The other major alteration to the cell design was increasing the size and flow scheme of
the water cooling jacket around the gas chamber. The new cell was designed to provide water
flow around the entire gas chamber, and not just around the discharge area. The water jacket
was formed from 1-¼ inch glass tubing, narrowed at either end to form a seal around the
outside of the inner gas chamber. Two water inlets were placed on either end of the water
jacket, opposite to one water outlet in the center of the cell. This configuration was intended to
minimize stagnant areas inside the water jacket, and increase the cooling capabilities near the
electrodes.
To increase the adaptability of the test cell, the gas chamber in the second generation
cell did not have a permanent vacuum seal on the electrode wires, or on the transmission
windows. The electrodes and electrode wires were added after the cell was constructed by the
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glass blower. Torr Seal epoxy was used to form the seal between the electrode wires and the
glass, as well as between the quartz windows and the body of the cell. In the event that the
electrodes or transmission windows need to be changed, Torr Seal can be removed by
immersing it in 100° Celsius water for 30 minutes. However, since Torr Seal is temperature
sensitive, it is also critical to ensure the temperature of the cell during experimentation remains
below 100° Celsius, so that the vacuum remains intact.
Photographs of the second generation test cell prior to mounting inside the Faraday
cage can be seen in Figure 4.5. An acrylic cradle was fabricated to protect the cell. This was
necessary so that the cell does not move after being affixed to the stainless steel tubing of the
vacuum system. Despite this cell design being more durable than the first generation cell, the
glass is still delicate and handling must be minimized to prevent inadvertent cracks or breaks.

Figure 4.5: Assembled second generation test cell inside its acrylic mounting cradle.
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For safety purposes, the RF discharge made it necessary to construct a Faraday cage
around the test cell, to contain the RF energy. The Faraday cage in this experiment was built by
layering copper mesh over the inner faces and edges of ½ inch thick clear acrylic panels. These
panels were then assembled into a box approximately 13 inches long, 12 inches wide, and 10
inches tall. The top of the box is removable, for easy access to the test cell. The cage is
grounded to the optics table, which is in turn grounded to the building earth ground.
A Faraday cage is essentially a Gaussian surface capable of both containing
electromagnetic energy and shielding it. In the case of this experiment, a cage was used
specifically to restrict the RF energy of the discharge as a safety precaution.

When

electromagnetic waves inside the cage hit the boundary of the metal mesh, they interact with
the free electrons in the conductive copper. A charged potential forms along the inner surface of
the metal to cancel out the wave propagation. Grounding the cage prevents any further charge
potentials from forming and inducing current, and thus the electromagnetic waves are
contained.
For the Faraday cage to work, it must meet two key requirements. First, the cage must
be made out of a conductive material, capable of supplying electrons as charge carriers.
Aluminum, gold and copper are all common materials for Faraday cage construction. Second,
the cage must be unbroken and completely enclose the RF source. A large opening in the cage
would allow the wave to bypass the boundary and radiate outwards. The minor openings in the
cage to make ports by which the water tubing, RF cable, gas line, and laser beam can enter and
exit, are negligible due to their relative size to the electromagnetic wave in question. At 13.56
megahertz, the generated RF waves have a wavelength of over 20 meters, and as such would
need a gap larger than that to escape. Figure 4.6 shows the cell mounted inside the Faraday
cage, with the top removed, in the final experimental configuration.
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Figure 4.6: The rare gas test cell in its fixed position inside the Faraday cage.

4.3: Radio Frequency Capacitive Discharge

Building an apparatus to generate and verify the presence of metastable xenon atoms
was the goal of this thesis, in preparation for future work utilizing the metastable xenon as a
laser gain medium. The chosen mechanism to produce the metastable xenon atoms was an RF
capacitively coupled discharge. A COTS RF generator and tuner were employed to drive the
discharge.

An Advanced Energy RFX-600 RF generator was used in this experiment. The

generator operates at a frequency of 13.56 megahertz, which is one of the industrial scientific
and medical (ISM) band frequencies designated by the Federal Communications Commission
(FCC). The generator is capable of up to 600 watts of output power into a 50 ohm load.
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Concurrent with the generator, an Advanced Energy ATX-600 tuner was also necessary
for plasma generation. The tuner functions by matching the complex impedance of the plasma
to the capacitive tuning network, so that the load seen by the generator is essentially a 50 ohm
load. Two air variable capacitors inside the matching network are physically driven by motors,
until the proper impedance is reached, causing the amount of reflected power to be adequately
minimized, and the forward power maximized.
The generator and tuner system was initially tested for functionality against a MFJ-250X
VersaLoad KW Wet Dummy Load. It uses a 50 ohm non-inductive resistor suspended in
transformer oil that is capable of sustaining continuous power input at the intensities capable of
the RF generator for a finite amount of time. After replacing the drive belts that manipulate the
tuning network, the system was able to automatically match the dummy load and minimize the
reflected power, indicating proper impedance matching performance.
It is important to note that the RF generator is equipped with an interlock that prevents
the system from emitting RF when the water-cooling system is malfunctioning. There is a simple
flow switch that disengages the interlock when water is flowing through the switch.

To

incorporate this safety feature into the experimental setup, the tubing from the Koolance water
cooling system was fit around the switch before being directed into the test cell. It is difficult to
visually evaluate if water is actively flowing through the cell, so this interlock flow switch is an
important tool for ensuring proper and safe operation of the RF discharge.
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4.4: Tunable Diode Laser and Optics

Like the cesium absorption experiments, a Toptica DL 100 Pro tunable diode laser was
used in the metastable xenon experiments. There are two absorption lines within the output
range of the tunable diode laser that can verify the presence of metastable xenon: 882.2
nanometers and 904.8 nanometers. This particular tunable diode laser was chosen for its
versatility. A catalogue of COTS diodes spanning from the ultraviolet to the near infrared range
can be installed in the device by the operator, since it is an External Cavity Diode Laser (ECDL).
The laser used in this experiment is equipped with a diode that produces wavelengths between
864 nanometers and 945 nanometers.
In order to select the output wavelength, the tunable diode laser makes use of some
clever geometry and specialized optics. A Bragg diffraction grating and a tuning mirror isolate a
specific wavelength produced by the diode. By physically adjusting the position of the tuning
mirror, the diode beam is reflected back onto the Bragg grating at a different incident angle.
The angle of incidence on the Bragg grating essentially selects which specific wavelength is
reflected, and thus the narrowband output of the tunable diode laser as a whole.
The Toptica DL 100 Pro has three mechanisms for manipulating the output wavelength
of the laser. The first is a mechanical motor that moves the tuning mirror dynamically for coarse
adjustment. The second is a set of piezoelectric actuators capable of moving the mirror by
minute intervals to finely adjust the output wavelength. The final method of wavelength
selection is varying the current supplied to the diode. This last method provides the finest
degree of wavelength control, which is used to produce the narrow wavelength scans for the
absorption experiments.
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The Toptica laser was not free of flaws. Idiosyncrasies, such as the beam not emitting
from the laser head completely parallel, were encountered while testing. The biggest issue,
however, was seeded in the wavelength control software. The Toptica laser came supplied with
a LabVIEW program to remotely control the mechanical and piezoelectric actuators to set the
wavelength digitally. While testing this software with the laser connected to the OSA to monitor
the wavelength, the LabVIEW program was not able to reliably drive the laser to the selected
wavelength.
This is partially because the wavelength is sensitive to laser parameters such as
temperature and current, but mostly the result of the propagation of error as the software
continues to try to steer the mirror and actuators with reference to its previous position. To
accurately set the laser wavelength, using an external sensor such as the OSA or a wavemeter is
essential. After calibrating the OSA to the cesium D1 absorption line, it was the trusted means of
determining the current wavelength output of the laser.
The tunable diode laser used is specified to have a linearly polarized beam. Any
experiments using polarizers should take this into account to ensure beam attenuation is
minimized.

Typical beam profiles, as displayed on the OSA, indicate a linewidth of

approximately 0.06 nanometers (22.5 gigahertz) when measured at -3 dBm from the peak. Of
course, the resolution of the OSA severely limits this measurement, and alternative methods
should be utilized to characterize the beam linewidth. However, this typical performance is
useful for a quick evaluation of the laser beam in the experimental setup to ensure uniformity
between testing scenarios. The laser is rated by the manufacturer for a linewidth range of 100
kilohertz to 1 megahertz.
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Figure 4.7: Assessment of the beam linewidth from the OSA display.

4.5: Computer Interface

Two pieces of commercial off the shelf software were used during the experiments for
this thesis: the National Instruments Measurement and Automation Explorer (NIMAE), and the
Toptica Digilock 110 software. The NIMAE software was used to control the MFCs, while the
Digilock 110 software was used to perform the wavelength scans, as well as display the sensor
data. The Digilock 110 software was of paramount importance for the experiment. The scan
controls allowed for the selection of signal type, frequency and amplitude of scan. A triangle
wave was the typical waveform of choice for the absorption experiments, because of its
symmetry and linearity. Figure 4.8 shows an example user interface for the Digilock 110
software.
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Figure 4.8: Digilock 110 software controls and oscilloscope display.

The frequency selection controls the sample and display rate of the data. For example,
setting the frequency to 10 hertz instead of 1 hertz provided a more rapid display response, but
took less data points over each cycle. This was preferred during the alignment of the optics, but
not for data collection. The final scan control, the amplitude, delimited the span of the
wavelength scan. A higher amplitude voltage provides a wider scan, while decreasing the
voltage narrows the scan.
The Digilock 110 software served as the digital oscilloscope to display and save the data.
It is capable of displaying two separate input or output channels, selectable from a drop down
menu with names that correspond to the labels on the hardware.

For the absorption

experiments, one channel was dedicated to the photodiode, and the other to the Fabry-Perot
interferometer. Selecting the timescale determined how much of the function cycle was
displayed, and was directed dependent on the frequency parameter selection.
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CHAPTER FIVE

ABSORPTION MEASUREMENTS AND CALCULATIONS

The absorption spectroscopy experiments for the
⁄

⁄

⁄

⁄

and

excitations of xenon used a setup very similar to the cesium absorption

experiments. The optical elements were repositioned on the table such that a portion of the
beam was directed onto the photodiode after traveling through the xenon test cell, as opposed
to the cesium reference cell. A diagram of the experimental setup used for the xenon trials is
shown in Figure 5.1.
Figure 5.2 is a photograph of the optics table while the experiment was running. The
tunable diode laser is the blue box in the bottom left. The beam emerges from the laser, and
part of it is split off to the bottom right and directed into the FPI, which sits in a 2 inch diameter
kinematic mount. Another part of the beam is split to the left, and directed through alignment
irises into the air-to-fiber coupler, where it enters the yellow, single-mode fiber which is
connected to the OSA (not pictured). The straight-traveling portion of the beam passes into the
copper-mesh lined Faraday cage, seen in the top right of the photograph. A dim blue glow can
be seen in the test cell from the plasma being generated inside the test cell. The photodiode is
on the opposite side of the Faraday cage, and not seen in the photograph.
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Figure 5.1: Experimental setup to perform absorption spectroscopy on metastable xenon.

Figure 5.2: Photograph of the experimental setup showing most of the critical optical
elements.
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5.1: First Glow of Xenon and Plasma Characterization

The first major milestone that needed to be achieved in order to perform the intended
absorption spectroscopy experiments investigating the excited transitions above the metastable
state of xenon was to generate rare gas plasma. This was not a trivial matter. After establishing
the vacuum was able to hold inside the cell, honing the gas-flow process, and performing minor
repairs on the RF generator and matching network (such as replacing the power cables and
motor drive belts), tests began to attempt to light the plasma.
The first attempts to generate a plasma state were conducted with helium. Helium,
which is much less expensive than xenon, should emit an orange-pinkish glow when it enters the
plasma state. The roughing and turbo pumps were used to evacuate the system to a pressure
much less than 150 millitorr (which is the bottom limit of the thermocouple pressure gauge),
flooded with helium, and then pumped down to below 150 millitorr once more. The cell was
filled with several pressures of helium (14.5 torr, 5.4 torr and 1.2 torr), in an attempt to achieve
plasma. All efforts to induce the helium plasma failed, and new attempts were made using
xenon instead.
The heavier noble gases are typically easier to light plasmas across. When the plasma is
struck, the energy of the discharge is used to pull one of the electrons from the outer shell of
the atom. For helium, which only has two electrons in the innermost s subshell of the atom,
more energy is required to excite an electron. Xenon, on the other hand, has six electrons in a p
subshell relatively further from the nucleus than the helium s electrons. These require less
energy to pull off, making the excitation easier. The xenon metastable energy level is roughly
8.3 electron volts from the ground state, whereas the first excited state of helium, the singlet
metastable level, is 19.8 electron volts from the ground state.
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The test cell was again pumped down to below 150 millitorr, and then filled with 3.1 torr
of xenon gas. The tuning capacitors and power levels were adjusted dynamically in the struggle
to get the plasma to light for the first time. After many attempts, xenon plasma was first
successfully attained with the RF generator reading 77 watts of forward power and 77 watts of
reflected power. The plasma emitted a blue and purple glow; the blue dominance was the result
of the blue coolant present in the water cooling jacket around the discharge chamber.

Figure 5.3: First successful RF discharge glow in 3.1 torr xenon
with the room lights on (above), and off (below).
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The first plasma was very dim, and the room lights needed to be turned off to
adequately see it. The forward power was adjusted to 280 watts to achieve the glow seen in
Figure 5.3. At this power, there was a full connection between the two electrodes, which
demonstrated a curved profile along the hourglass shape of the discharge chamber. This initial
difficulty in lighting the plasma was most likely due to the presence of impurities on the inner
glass surface and on the electrodes from handling and contact with air in general. The first
plasma effectively “cleaned” these impurities, making the subsequent iterations lighting the
plasma less arduous.
The readouts of forward and reflected power from the RF generator suggest severe
unreliability of these parameters for analysis. Matching the capacitance network of the RF tuner
to the impedance of the test cell proved much more difficult than simply matching to the
dummy load. When the system is properly matched for impedance, the forward power is
maximized, and the reflected power is minimized to as close to zero as possible.
The initial plasma was achieved while reading 77 watts for both the forward and
reflected power, and it is unrealistic to expect plasma in the test cell with only a fraction of a
watt being transferred. With no way to safely and simply measure the power levels using
additional sensors, evaluating the plasma strength is left to be purely qualitative for the
purposes of this thesis. Additional measures are being taken to increase control and reliability
of the RF system for future experiments.
During typical plasma operation, the readings reflect between 90% and 95% reflected
power, with no determined correlation between power readings and the intensity of the
plasma. Three examples of plasma operation are shown in the figures below. These photos
represent the qualitative classifications of the plasma, necessary because of the current
limitation of the RF generator in assessing plasma power.
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Figure 5.4: A “very strong” uniform plasma.

Figure 5.5: A typical, “strong” uniform plasma.

Figure 5.6: A “very weak” plasma.
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Figure 5.4 shows “very strong” plasma, characterized by a bright glow surrounding the
discharge chamber. Figure 5.5 depicts the most commonly observed plasma, “strong” plasma,
where the discharge connects the two electrodes, with a moderate glow around the chamber.
Figure 5.6 is representative of “very weak” plasma, where the discharge does not even visibly
make it all the way across the chamber. A final plasma designation, “weak,” (not pictured)
refers to a plasma that does not connect the two electrodes, but produces a glow more
significant than that pictured in Figure 5.6.
The primary reasons the power readouts fail for this test setup are speculated to be the
geometry of the enclosure and electrode hookups. The system was verified and functional on
the dummy load, so it is not an inherent problem with the RF system. The RF signal could be
coupling with the grounded Faraday cage, effectively making the system “see” the impedance of
the air in the cage along with the impedance presented inside the discharge chamber. Since the
system is not capable of forming a discharge in the air of the chamber, the mechanism that
detects the reflected power cannot distinguish the discharge impedance and the cage
impedance, thus causing an elevated reflected power reading. Further measures to isolate the
hot electrode may help diminish these effects.
The problem could also be rooted in an issue with the electrode size. The electrodes are
small; with a 12 millimeter outer diameter, 5 millimeter inner diameter, and a 0.6 millimeter
thickness, there is roughly only 56 cubic millimeters of copper volume on each electrode. These
small fixtures may not be able to handle the large power volumes output by the RF system,
which is capable of up to 600 watts, at a rate which would allow reliable power transmission
readouts. Changing the electrode design to incorporate a more substantial volume of metal
may improve the readings.
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Regardless of the exact cause, it is obvious that there is a problem that still needs to be
resolved in the plasma generation process before quantitative analysis of the plasmas can be
conducted. It becomes problematic to evaluate features like absorption intensity in any great
detail without a numerical assessment of the plasma strength, since the power across the
discharge determines the atomic and ionic temperature of the plasma. This measurement is a
critical tool for calculating basics such as the Doppler broadening of the absorption lines. More
work will need to be done on the RF system in order to permit these investigations in the near
future.
To ascertain the severity of the effect of plasma strength on absorption intensity, the
absorption profiles for each case were plotted on the same axes. Figure 5.7 and Figure 5.8 show
this comparison for the 882.2 nanometer line and the 904.8 nanometer line, respectively. There
is no question that strong plasma is necessary to observe an adequate Voigt profile. The weak
plasma signal is inundated by noise, restricting the ability to sufficiently distinguish most of the
absorption peaks; the population of Xe* atoms is too low in the weak plasma for meaningful
data collection.
The absorption profiles measured in the experiments of this thesis can also be referred
to as Voigt profiles, since they are representative of the overall broadening experienced by the
transition, and they do not isolate or restrict any one type of broadening. A Voigt profile
illustrates the absorption spectrum of a sample material, taking into consideration the effects of
both homogeneous broadening (based on decay rates and pressure) and inhomogeneous
broadening (Doppler and isotope broadening). [25]

It can be calculated theoretically by

convolving the homogeneous and inhomogeneous broadening terms, which will be discussed in
detail in section 5.3.3. Each absorption peak in the Voigt profile deviates from the sharp,
Lorentzian shape because of these external broadening influences.
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Figure 5.7: Comparison of absorption strengths in strong vs. weak plasma on the 882.2 nm
line.

Figure 5.8: Comparison of absorption strengths in strong vs. weak plasma on the 904.8 nm
line.
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5.2: Absorption Spectra of Metastable Xenon Cell

Locating the two xenon absorption lines of interest was not difficult with the feedback
of the Optical Spectrum Analyzer (OSA). After establishing plasma at a specific pressure of pure
xenon, the tunable diode laser was typically set to scan across a range of approximately 18
gigahertz, which corresponds to a 35 volt peak-to-peak input value for the amplitude in the scan
control software. The coarse and fine manual wavelength control knobs were used to steer the
center wavelength of the scan to the region of the expected absorption line.
The wavelength display of the OSA was used to ensure that the desired region was not
passed, due to either a mode hop or user oversight. With a typical mode hop free range of 20
gigahertz, mode hops were frequently encountered while adjusting the wavelength scans.
Keeping the scan range below 20 gigahertz made it possible to get a continuous wavelength
scan, in most cases. The Digilock 110 software display was used to observe the Fabry-Perot
interferometer (FPI) signal, and the absorption, as evidenced by the intensity of the laser signal
received by the photodiode.
With the cell filled to a pressure of 11 torr of research purity naturally abundant xenon,
strong plasma was induced in the discharge chamber of the cell. The tunable diode laser was
manually steered to the 882.2 nanometers to search for the

⁄

⁄

excitation.

At the normal laser operation temperature of 20° Celsius, 882.2 nanometers happened to be the
location of a significant mode hop. An example of the distortion seen by the photodiode and FPI
due to the discontinuity of the scan introduced by the mode hop can be seen in Figure 5.9.
Following the recommendation of the user’s manual, the temperature of the laser
diode was adjusted until the mode hop sufficiently migrated off of the desired absorption line.
At an operating temperature of 22.1° Celsius and a scan waveform amplitude of 30 volts peak-
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to-peak, the tunable diode laser was set to a scanning range between 882.186 nanometers
(339.829 terahertz) and 882.221 nanometers (339.816 terahertz), according to the OSA. The
absorption profile in Figure 5.10, depicting four distinct absorption peaks and a possible fifth
peak, was recorded. Since the scan is driven by a triangle waveform, the absorption profile is
symmetric about the center turning point of the scan, where the wavelength reaches its
minimum and begins to increase to its maximum where the scan began.

Figure 5.9: A mode hop near the 882.2 nanometer absorption line of xenon distorting the
photodiode signal (blue) and FPI signal (red).

The center of the wavelength scan was then moved to the 904.8 nanometers to search
for the

⁄

⁄

excitation. Again, a mode hop was encountered in the middle of

the required frequency range; the laser system temperature was adjusted to 22.8° Celsius to
avoid the mode hop. Figure 5.11 shows the display output of the Digilock 110 software with the
laser set to a scan between 904.746 nanometers (331.355 terahertz) and 904.787 nanometers
(331.340 terahertz). For this transition, there are at least five distinct absorption peaks as a
result of the isotope variation of naturally abundant xenon.
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Figure 5.10: Digilock 110 display output on the metastable xenon 882.2 nm line.

Figure 5.11: Digilock 110 display output on the metastable xenon 904.8 nm line.

To ensure none of the observed absorption features were the result of factors not
related to the plasma, the RF generator was turned off while the laser continued to scan the
same wavelength range. The photodiode signal immediately returned to a simple triangle wave
on the display, as seen in Figure 5.12. Even though the laser passing through the xenon cell, and
was scanning the exact same wavelength range as in Figure 5.11, without an active plasma, no
absorption could be observed.
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Figure 5.12: Digilock 110 display output on the 904.8 nm line when the plasma is not lit.

In order to collect the cleanest absorption profiles possible, a series of tests were
conducted to establish an optimal text pressure of xenon to resolve the maximum number of
absorption peaks. The gas manifold and test cell were completely evacuated, purged with
xenon, and then evacuated again. The test cell was filled with several pressures of xenon, so
that the capacitance pressure gauge in sequence with the test cell displayed values of 740
millitorr, 1.4 torr, 4.4 torr, 13 torr, and 20 torr. Plasma was ignited at each of these pressures,
and the absorption profiles were measured. Figure 5.13 displays the measured Voigt profiles for
each of these pressures on the

⁄

⁄

excitation, with the wavelength scan

spanning from 881.816 nanometers to 881.856 nanometers, according to the OSA.
The same process was then conducted for the

⁄

⁄

excitation. At a

pressure of 1.4 torr, 5.4 torr, 10 torr, and 19 torr, and with the tunable diode laser scanning
between 904.758 nanometers and 904.796 nanometers, the Voigt profiles seen in Figure 5.14
were produced. Since the absorption below 1 torr was difficult to distinguish in the previous
sample set, only four pressures were tested at the 904.8 nanometer transition.
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Figure 5.13: Xenon absorption strength comparison at various pressures on the 882.2 nm line.

Figure 5.14: Xenon absorption strength comparison at various pressures on the 904.8 nm line.
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For both excitations depicted in the figures above, absorption was measured from
strong or very strong plasma in all cases except the highest pressure case (20 torr and 19 torr,
respectively). At pressures above 15 torr, it was difficult to establish anything other than weak
or very weak plasma. This is a limitation of the current RF and test cell configuration, that will
be addressed in future test cell designs. It is also interesting to note that the Voigt profiles for
the 13 torr and 10 torr cases exhibit blurring between some of the absorption peaks, similar to
initial absorption profiles shown in Figure 5.10 and Figure 5.11. This suggests that pressure
broadening may be a significant factor, even for a minimal pressure difference of 5 to 10 torr.
Given the absorption profiles for both transitions, there were two suitable candidates
for further analysis: a test cell pressure around 1.5 torr of naturally abundant xenon, or a test
cell pressure near 5 torr of naturally abundant xenon. The 1.5 torr case provided a moderate
level of absorption intensity, and very distinguished, well-defined absorption peaks from very
strong plasma which populated the discharge cell in the abnormal manner shown in Figure 5.15.
With the plasma not isolated to the area strictly between the electrodes, the uniformity of the
discharge was put into question.
Conversely, the 5 torr scenario exhibited the strongest levels of absorption, with slightly
broader absorption peaks (which could be the result of simple pressure broadening) from typical
strong plasma. Since the plasmas were more uniform, and the Voigt profiles were so much
stronger and thus less influenced by noise for the approximately 5 torr scenarios, this pressure
was chosen as the most appropriate for further investigation.
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Figure 5.15: Abnormal plasma discharge shape observed at 1.4 torr of xenon (top view).

5.3: Xenon Absorption Profile Analysis

After establishing the optimal test pressure for the xenon cell as between 4.5 and 5.5
torr, a series of absorption profiles were collected for both the
and the

⁄

⁄

⁄

⁄

excitation

excitation. Just as in previous tests, the manifold system was

pumped down to below 150 millitorr, purged with xenon, and then pumped down to below 150
millitorr once more. The test cell was then ready to be filled for the experiment.
The proper valves were closed to isolate the test cell from the manifold, and the gas
reservoir was filled to approximately 25 torr of research purity naturally abundant xenon using a
LabVIEW interface with the Mass Flow Controller (MFC). The MFC connecting the reservoir with
the test cell was tasked to flow 4 torr of xenon to the test cell; the final pressure of the test cell
according to the capacitance pressure gauge was 4.6 torr. The RF generator was engaged, and
achieved strong plasma between the electrodes while reading 286 watts forward power, and
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273 watts reflected power. Again, the actual amount of power through the cell is thought to be
much greater than the difference indicated by these readouts, but these values fall into the
characteristic range for a strong plasma.

5.3.1: The Measured Absorption Profile of the

The

⁄

⁄

⁄

⁄

Xenon Transition

excitation was measured first, with the tunable diode laser

set to a 35 volt peak-to-peak triangle waveform which scanned between 904.790 nanometers
(331.339 terahertz) to 904.835 nanometers (339.323 terahertz) according to the OSA; the laser
diode temperature controller was set to 23.5° Celsius to avoid the mode hop. Three datasets
were collected with the scan frequency set to both 1 hertz and 10 hertz each. Since the noise on
the 1 hertz datasets made it difficult to display a “clean” Voigt profile, the 10 hertz datasets
were used for data processing.
The three 10 hertz datasets were averaged together and plotted against the theoretical
fine structure line, as well as the hyperfine structure lines calculated in section 2.5.1 for the two
odd isotopes. The fine structure line of the transition occurs at 331.33814 terahertz, and the
even isotopes are centered closely about this line. The absorption lines that result from the
hyperfine structure of 129Xe are listed in Table 5.1, and those from that of the 131Xe are listed in
Table 5.2. The Voigt profile constructed from the averaged measurements is shown in Figure
5.17.
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Table 5.1: Wavelength and frequency calculations of the 129Xe hyperfine absorption lines.

Hyperfine Absorption Lines from 129Xe
Label
A
B
C
D

Wavelength (nm)
904.80654
904.79728
904.79026
904.78100

Frequency (THz)
331.33321
331.33660
331.33917
331.34256

Table 5.2: Wavelength and frequency calculations of the 131Xe hyperfine absorption lines

Hyperfine Absorption Lines from 131Xe
Label

Wavelength (nm)

Frequency (THz)

A
B
C
D
E
F
G
H

904.79954
904.79554
904.79528
904.79262
904.79207
904.79055
904.78932
904.78862

331.33578
331.33724
331.33734
331.33831
331.33851
331.33907
331.33952
331.33978

I
J

904.78790
904.78780

331.34004
331.34007
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Figure 5.16: Detailed absorption profile of the 𝟔𝒑 𝟓⁄𝟐

𝟐

𝟔𝒔 𝟑⁄𝟐

𝟐

excitation in 4.6 Torr of naturally abundant xenon.

From the figure, it is apparent that the measured Voigt profile coincides with the
calculated theoretical absorption lines. The plot was constructed by aligning the peak of the
strongest absorption line with the fine structure absorption line. The measured absorption
profile published by Suzuki et al. [77], coupled with the fact that the even isotopes constitute
more than half of the composition of naturally abundant xenon, suggests that the strongest
absorption peak should in fact match the unsplit, fine structure absorption frequency.
Comparing the rest of the measured peak frequencies to the frequencies of the nearest
fine or hyperfine absorption line as in Table 5.3, a maximum deviation of 150 megahertz is
observed, which corresponds to a mere

percent error. While also considering the

peak shape is influenced by other nearby transitions, this minimal amount of error is more than
satisfactory to attribute significant confidence to the data collection and data processing
methods.

Table 5.3: Percent error calculations for the

⁄

⁄

excitation.

Measured peaks
(THz)
331.33315

Nearest Isotope
Transition
129 Xe 3/2→5/2

Transition Frequency
(THz)
331.33321

Deviation
(MHz)
-70

Percent Error

331.33580

131 Xe 7/2→5/2

331.33578

20

0.000006%

331.33675
331.33740

129 Xe 3/2→3/2
131 Xe 5/2→3/2

331.33660
331.33734

150
60

0.000045%
0.000018%

331.33815

0

0.000000%

331.33917

130

0.000039%

331.34004
331.34257

-90
100

0.000027%
0.000030%

331.33930

128 Xe, 130 Xe, 132
Xe, 134 Xe, 136 Xe
129 Xe 5/2→5/2

331.33995
331.34267

131 Xe 3/2→5/2
129 Xe 5/2→3/2

331.33815
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0.000021%

The percent error calculated in the table above is on the outlying limits of the precision
of the calculations, which is limited by the energy level values that were used to calculate the
fine structure transition as well as the resolution of the Fabry-Perot Interferometer. To get a
more meaningful depiction of the error, it is useful to compare the measured frequency
spacings between the peaks with the calculated differences, as was done for the cesium D1 line;
these calculations are shown in Table 5.4 below.

Table 5.4: Error calculations for the frequency spacings between the eight measured peaks of
⁄
⁄
the
excitation.

Measured Peak
Differences
(GHz)
2.65
0.95
0.65
0.75
1.16
0.65
2.72

Calculated Peak
Differences
(GHz)
2.56
0.83
0.73
0.81
1.03
0.87
2.52

Percent
Error
3.4%
15%
12%
7.5%
12%
26%
7.7%

The calculations presented in Table 5.4 indicate a more measureable amount of error
than the negligible quantities determined in Table 5.3. Overall, there are many more factors
which contribute to the observed Voigt profile of xenon, as compared to the factors which
produce the Voigt profile of cesium. Isotope broadening, Doppler broadening, and pressure
broadening are all expected to be much more dominant in the case of the xenon test cell when
compared to the cesium reference cell.
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It stands to reason that the calculated error on the relative positions of the measured
absorption peaks with respect to one another would be higher for the xenon than for the
⁄

cesium, and higher for the xenon
⁄

⁄

excitation than the

⁄

excitation (since the former permits more transitions, and has more individual

absorption peaks in its theoretical structure). Regardless, after comparison to the work of Suzuki
et al., [77] there is enough confidence in the measured quantities to verify the
⁄

⁄

excitation was indeed measured.
For this transition, each isotope contributes one to ten independent absorption lines of

various strengths to the overall Voigt profile. The intensities with which each line absorbs the
incident energy is a function of the population of atoms pumped into that state; the percentage
of each isotope in the gas has primary impact on which energy levels become populated,
although the quantum numbers associated with each level also provide a certain favoritism in
which levels are populated.

5.3.2: The Measured Absorption Profile of the

The

⁄

procedures as the

⁄
⁄

⁄

⁄

Xenon Transition

excitation was then measured following the same
⁄

excitation. Using the same cell pressure of 4.6 torr,

and without modifying the strong plasma, the tunable diode laser was adjusted to scan between
882.205 nanometers (339.882 terahertz) and 882.252 nanometers (339.804 terahertz), at a
diode temperature of 22.5° Celsius to avoid the mode hop. Absorption peaks were observed,
and three data samples were collected at a 1 hertz scan rate, and three data samples were
collected at a 10 hertz scan rate.
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Like in the previous case, the datasets collected at the 10 hertz scan rate were much
smoother by nature, and more apt to be averaged together. The three 10 hertz data sets were
averaged together, to create a representative Voigt profile for the transition. The averaged
Voigt profile was compared to the calculated fine structure and hyperfine structure absorption
lines calculated in section 2.5.2. The hyperfine structure transitions of
5.5, and those of

129

Xe are listed in Table

131

Xe are listed in Table 5.6. The composite Voigt profile is shown in Figure

5.17.

Table 5.5: Wavelength and frequency calculations of the 129Xe hyperfine absorption lines.

Hyperfine Absorption Lines
Label
A
B
C

from 129Xe
Wavelength (nm)
882.18791
882.18039
882.17243

Frequency (THz)
339.82835
339.83124
339.83431

Table 5.6: Wavelength and frequency calculations of the 131Xe hyperfine absorption lines

Hyperfine Absorption Lines
Label

from 131Xe
Wavelength (nm)

A

882.19104

B
C
D
E
F
G
H

882.18872
882.18603
882.18557
882.18446
882.18215
882.18154
882.17997

I

882.17893

Frequency (THz)
339.82714
339.82803
339.82907
339.82925
339.82967
339.83056
339.83080
339.83140
339.83180
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Figure 5.17: Detailed absorption profile of the 𝟔𝒑 𝟓⁄𝟐

𝟑

𝟔𝒔 𝟑⁄𝟐

𝟐

excitation in 4.6 Torr of naturally abundant xenon.

After calculating the frequency spacing of the averaged Voigt profile from the FabryPerot interferometer data, the center of the strongest peak was aligned with the fine structure
unsplit transition of the

⁄

⁄

excitation: 339.83017 terahertz. This frequency

coincides with the even isotopes, which are slightly shifted around this line according to their
mass, causing this absorption line to have the largest linewidth in the Voigt profile. The
publications of Suzuki et al. [77] and Xia et al. [74] corroborate this assignment.
Just as in the previous case, the measured Voigt profile coincides thoroughly with the
predicted absorption lines. Comparing the measured absorption peaks to the nearest
theoretical absorption line, the largest margin of error proved to be a mere

percent.

The twelve hyperfine lines, and the five even isotope lines (collectively plotted as a single line),
overlap to form the five distinct absorption peaks seen in the Voigt profile. The percent error of
the deviation for each of these peaks is given in Table 5.7.

Table 5.7: Percent error calculations for the

⁄

⁄

excitation.

Measured peaks
(THz)

Nearest Isotope
Transition

Transition Frequency
(THz)

Deviation
(MHz)

Percent
Error

339.82841
339.82931

129 Xe 3/2 -->5/2
131 Xe 7/2 -->9/2
128 Xe, 130 Xe,
132 Xe, 134 Xe,
136 Xe
131 Xe 3/2 -->5/2
129 Xe 5/2-->5/2

339.82835
339.82925

63.04957247
61.25582246

0.000019%
0.000018%

339.83017

0.44957244

0.000000%

339.83140
339.83431

25.22665579
177.0495724

0.000007%
0.000052%

339.83017
339.83143
339.83449
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To once again get a more meaningful indication of the measured error, it is also
beneficial to calculate the percent error in the measured relative frequency spacings of the
absorption peaks. These values are given in Table 5.8 below. The

⁄

excitation demonstrated a significantly more accurate absorption profile than the
⁄

⁄
⁄

excitation. This is a result of the hyperfine lines being in much closer proximity to one

another (the Voigt profile of the former spans only 7.5 gigahertz, while that of the latter spans
10.5 gigahertz), and an overall less complex hyperfine structure, as evidenced by the limited
number of permitted transitions.

Table 5.8: Error calculations for the frequency spacings between the five measured peaks of
⁄
⁄
the
excitation.

Measured Peak
Differences (GHz)
0.90
0.86
1.26
3.05

Calculated Peak
Differences (GHz)
0.90
0.92
1.23
2.90

Percent
Error
0.20%
6.6%
2.0%
5.2%

For this transition, the observed Voigt profile was closely aligned with the permitted
transitions calculated from of the odd isotope hyperfine structures, and was in agreement with
previously published data. The percent error when looking at the overall frequency placement
of the transitions compared to the measured peaks, as well as when examining the relative
frequency placement of the absorption peaks, was minimal to negligible. There were not as
many closely located hyperfine lines for this transition as the previous transition; the measured
peaks were expected to be more accurately depicted by the observed profile, contributing to
the decreased amount of error, as will be described in the following section.
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5.4: Principles that Affect the Observed Absorption Profiles and Causes of Error

It is important to recognize that the measured peaks presented from the averaged Voigt
profiles of the two xenon transitions studied are influenced by three physical principles: isotope
broadening, Doppler broadening, and pressure broadening. Cesium vapor consists of only a
single isotope, and therefore it is primarily Doppler broadening and pressure broadening that
may have measurable effects on its D1 line absorption profile. Isotope and Doppler broadening
are forms of inhomogeneous broadening, while pressure broadening is a form of homogeneous
broadening. The degree by which each of these contributes to the profile shape undoubtedly
impacts to the calculated error when comparing the relative positions of the absorption peaks.
The sum of all of these effects, together with the natural linewidth broadening of each
transition, generates the experimentally observed absorption profile. Typically, one or more of
these broadening mechanisms will influence the linewidth more than others, and be said to
“dominate.”

5.4.1: Natural Linewidth Broadening

Homogenous broadening refers to any broadening mechanism which uniformly widens
the inherent Lorentzian profile of an absorption peak in an identical manner for each atom.
Atomic transitions fundamentally experience a form of homogenous broadening called natural
linewidth broadening as a simple result of radiative decay. [38] This can be understood from
examining the energy-time Heisenberg uncertainty principle, which after applying Planck’s
relation becomes the frequency-time uncertainty relation:
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.

(5.1)

Equation (5.1) can be rewritten to reflect the frequency shift associated with the lifetime of the
energy state, which is inversely proportional to the decay rate of the transition, and
subsequently the Einstein absorption coefficient
Just as was discussed previously in reference to energy level lifetimes, specifically
equation (2.9), the natural linewidth broadening of a transition can be calculated from the
equation:

.

Using the calculated value of

(5.2)

presented previously in section 2.7, natural linewidth

broadening is expected to be in the range of 2 to 9 megahertz for the metastable xenon
transitions pertinent to this thesis, and 5 megahertz for the cesium D1 transition. These values
are on the same order of magnitude as the full width at half maximum of the Fabry-Perot
Interferometer, and are much smaller than what was experimentally observed overall in the
cesium and xenon experiments. Other broadening effects undoubtedly dominated these
transitions.
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5.4.2: Pressure Broadening

Another form of homogeneous broadening is pressure (or collisional) broadening.
Pressure broadening occurs when collisions between the atoms, molecules or container walls
influence the rate at which electrons decay. As one would expect, higher pressures are
associated with higher atom populations and movement, so increasing the pressure of a gas
would increase the rate of collisions, and subsequently increase the observed broadening. [38]
Where the natural linewidth broadening was influenced by the natural lifetime of the energy
levels, pressure broadening is dependent on the average time between collisions; the collisions
effectively shorten the energy level lifetime and broaden the Lorentzian absorption line.
Following the same derivation logic as equation (5.2), this can be written as:

,

where

is the average time between collisions. The value of

(5.3)

is inversely proportional to the

product of the density, velocity and collisional cross section of the atom in question. [90] The
factor of 2 is removed from the denominator to take into account the collisions affecting both
the lower level lifetime, as well as the upper level lifetime, at the same rate.
Looking back at Figure 3.5, the absorption linewidth broadened noticeably with
increased temperature (and subsequently increased pressure), making pressure broadening a
possible candidate for the change.

The measured linewidth in the 55° Celsius case was

approximately 0.6 gigahertz, and at 85° Celsius the measured linewidth was approximately 1
gigahertz. This could have been the result of pressure broadening, Doppler broadening, or both.
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Approximating the values of each will indicate the level each of these effects contributed to the
measured linewidth.
Atomic collisions will occur between the atoms themselves, and between the atoms and
the walls of the gas container. The total collision rate due to pressure,
these rates,

(atom-atom rate) and

must be the sum of

(atom-wall collision rate). From the equations

presented in Reif [90] describing number density, collisional cross section and the average
atomic velocity, it is possible to arrive at the following expression for the average time between
collisions:

̅

In equation (5.4), ̅ is mean atomic speed,

̅

√

√

.

(5.4)

is the mean free path due to collisions, and L

is the length of the smallest container dimension. In the more specific half of the
equation, P is the pressure of the system, d is the diameter of the atom, m is the mass of the
atom, k is Boltzmann’s constant, and T is the temperature. Combining equations (5.3) and (5.4),
it is apparent that the collisional broadening contribution to the overall linewidth is negligible,
and on the order of magnitude of 4 kilohertz for cesium, and 1200 kilohertz for the xenon
(assuming a plasma temperature of roughly 1000 kelvin).
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5.4.3: Doppler Broadening

The observed linewidth is made up of the sum of all of the broadening effects, both
homogeneous and inhomogeneous. The natural linewidth and pressure broadening were the
most significant types of homogeneous broadening. Isotope and Doppler broadening were the
two types of inhomogeneous broadening expected to influence the measured xenon absorption
profiles in this thesis, and Doppler broadening was expected to influence the cesium absorption.
Doppler broadening is caused by the motion of the atoms or molecules. In a gas, this
motion is significant, and it is common for Doppler broadening to dominate. The atoms or
molecules move in various directions about the container. The direction from which the pump
photons are incident on the atoms is subsequently different for each atom (inhomogeneous).
The absorption line experiences a frequency shift that either up or down depending on whether
this relative motion was going towards or away from the pump photons.
After applying standard Doppler Effect formulas to gas mechanics, it is possible to arrive
at the Doppler broadening formula:

√

where

√

,

(5.2)

is the frequency in hertz of the transition without any Doppler shift, k is Boltzmann’s

constant, M is the mass of the atom, T is the atomic temperature in degrees Kelvin, and MN is
the mass number. [38] From equation (5.2), it is apparent that Doppler broadening significantly
dependent on the atomic temperature, which for most plasma is significantly high. Cesium
vapor, on the other hand, has a much lower temperature by orders of magnitude.
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Performing these approximate calculations for the effects of natural linewidth, pressure
and Doppler broadening on the cesium and xenon produces the values shown in Table 5.9
below.

For both cases, following the expectation of a gas system, Doppler broadening

dominates; the Doppler broadening term alone can serve as the linewidth estimate for the
system. However, the overall exact broadening for each absorption peak is the sum of these
broadening effects with any additional broadening factors, such as isotope variation as is the
case for xenon.

Table 5.9: Approximate linewidth contributions from three types of broadening.

Transition

Natural Broadening

Pressure Broadening

Doppler Broadening

Cesium D1
Xenon 882
Xenon 904

5 MHz
9 MHz
2 MHz

0.005 MHz
1 MHz
1 MHz

375 to 400 MHz
670 MHz
655 MHz

With such significant dominance from Doppler effects, it is easy to see why Doppler-free
spectroscopy is such a valuable tool for distinguishing individual absorption lines – eliminating
the Doppler broadening factor would decrease the absorption linewidths by roughly two orders
of magnitude. Such experiments require precise frequency control and signal modulation
techniques to synchronize the pump and measurement process. Basic absorption spectroscopy
experiments, on the other hand, only require a pump source and an intensity sensor.
In the case of xenon, which exhibits significant amounts of isotope shift and hyperfine
splitting, eliminating the Doppler broadening would substantially decrease the amount of
overlap in the absorption lines, and thus extensively reduce the observed convolution between
the independent lines. An experimental setup that accomplishes this task for the metastable
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xenon is described in detail in the referenced work by Suzuki et al. [77] Performing such
detailed measurement of the absorption spectra was not necessary for the intended application
of this thesis. In a hypothetical laser system, the increased linewidth of the metastable xenon
from Doppler broadening increases the pumping efficiency of the system, to a certain extent,
since it allows more of the pump energy to be absorbed; it would not be practical to perform
Doppler-free pumping of a laser gain medium.
A quick analysis of the observed absorption profiles of the cesium D1 line produced
average linewidth measurements of 484 megahertz, 507 megahertz, 553 megahertz, and 732
megahertz at the four recorded temperatures in ascending order. In general, these numbers are
on the same order of magnitude as the approximated values presented in Table 5.9. It is
interesting to note that the 85° Celsius scenario for cesium exhibited a large increase in
broadening which was not linear with temperature increase, as was expected from the
predicted values and the trend from the prior three experimental values. With the limited
number of temperature trials, not enough data was collected from the cesium to make any
further assessments on this behavior. The temperature-dependence of the absorption of
cesium will be revisited in future experiments to determine if there is another factor
contributing to the absorption linewidth of cesium that has yet to be addressed.
The measured linewidths of xenon were also compared to the theoretical
approximations presented in Table 5.9. The measured xenon absorption profiles exhibited
linewidth measurements on the order of 750 megahertz for the 882.2 nanometer transition, and
600 megahertz for the 904.8 nanometer transition.

Again, these align well with the

approximated values of linewidth broadening. However, because of the convolution of the
isotope and subsequent hyperfine lines of xenon, making an accurate estimate of the full width
at half maximum for the independent absorption lines is much more difficult.
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5.4.4: Isotope Broadening

Isotope broadening, which is one of the primary benefits of xenon as a possible laser
gain medium, causes the Voigt profiles of the transitions xenon to have more irregular shapes
than the clean, almost Lorentzian distributions seen for the cesium D1 absorption profiles.
While cesium only has one isotope, split into four well-spaced hyperfine lines with minimal
overlap, xenon has seven significant isotopes, all together contributing seventeen absorption
⁄

lines on the
⁄

⁄

⁄

excitation, and nineteen absorption lines on the the

excitation. These abundant absorption lines overlap to produce the

unique Voigt profiles observed for each transition.

Figure 5.18: Observed absorption line shift from neighboring absorption lines.

When two or more isotope lines are close enough together such that the homogeneous
broadened and inhomogeneous broadened linewidths of each line overlap, they add together to
form a new line shape, which is what is observed experimentally. Figure 5.18 above illustrates
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this concept. The blue and the red profiles are representative of two distinct absorption lines
which present themselves at different intensities, should they be observed independently.
Since they cannot be viewed independently, they are added together when they are measured,
to create a new shape similar to that shown by the green profile.
It is this shift which causes the bulk of the error calculated in Table 5.4, especially for the
frequency spacing between the sixth and seventh measured peaks. Both the sixth peak and the
seventh peak, as they are observed, are the result of the addition of three separate hyperfine
lines. The various intensities by which these hyperfine lines present themselves, and how their
linewidths overlap, dictate the shape of the peak as it is observed in Figure 5.16. Because the
error values were calculated by comparison with only the theoretical spectral lines and not an
approximation from all the spectral lines in the vicinity of the measured peak, error is to be
expected from such an evaluation. The larger error numbers can be justified from viewing the
plot presented in Figure 5.16, which adds further validity to the observed absorption spectra.
All of the discussed physical properties have an effect on the observed absorption
profile. Making a more meaningful theoretical calculation (not dependent on a temperature
approximation) of the influence of each property will be useful. The current approximations
assume a xenon plasma temperature of 1000 kelvin. It is well known that the temperature of
the plasma is dependent on the amount of power being transmitted through the RF discharge.
Once the issue of the unreliable forward and reflected power readouts from the RF generator is
resolved, this temperature will be calculated and applied to the Doppler broadening equation to
create a theoretical Voigt profile due to isotope and Doppler broadening.
Determining the plasma temperature will also be critical for establishing the absorption
cross-sections of the transitions, the population densities in each level, and the gain coefficients
of the proposed Diode Pumped Rare Gas Laser (DPRGL). In consequence to determining these
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transition properties, it will be simple to resolve the laser cavity design parameters, such as
cavity length and mirror qualities, to meet the conditions of laser operation, specifically
population inversion.
Another useful analysis of the xenon absorption profile will be measuring the intensities
of each transition. This will allow for the calculation of the gain frequency-dependent gain
coefficient from Beer’s Law. For a system dominated by Doppler broadening, Beer’s Law can be
written:

,

(5.1)

where I is the measured intensity of the beam before passing through the medium (after
absorption occurs),

is the intensity of the beam before passing through the medium, z is the

path length through the medium, and

is the frequency-dependent gain coefficient on a

Doppler broadened transition. [38] This last variable can be related to the Doppler broadening
linewidth, the population densities of the levels, the Einstein coefficients (which were calculated
in section 2.7), and ultimately the Doppler broadened absorption cross sections. The negative
of the gain coefficient is also known as the absorption coefficient.
These quantities will all be useful for determining the performance of a hypothetical
laser system using these transitions, as they are typically applied to the laser gain equation. The
laser cavity design will be dependent on these future calculations. More data needs to be
collected to make these calculations non-trivial, and these principles will be investigated further
as the research continues.
Overall, the Voigt profile observed for the

⁄

⁄

excitation

demonstrated an inclusive profile for the theoretically calculated hyperfine structure of the
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isotopes. Even though the percent error of the relative frequency spacings was not slight in
some cases, one can easily account for these errors using well known theoretical models for line
broadening in naturally occurring gaseous systems. More analysis of this transition will be
necessary to better characterize the absorption profile, and accurately create a theoretical
model of the Voigt profile, as opposed to the simple designation of the theoretical hyperfine
structure lines.
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CHAPTER SIX

CONCLUSIONS AND FUTURE RESEARCH

The experiments presented in this thesis were successful in establishing a system with
the capacity to probe the properties of metastable xenon. In the primary investigation, a radio
frequency capacitively coupled discharge was used to excite plasma in a custom-designed glass
test cell which allowed optical pumping parallel to the discharge. A similar setup could possibly
be utilized to serve as the gain medium in a novel laser system, hypothetically scalable to high
powers.

6.1: Experiment Conclusions

The absorption profile of the D1 transition in cesium was first examined to provide a
calibration point for the Optical Spectrum Analyzer, and to ensure the proper operation and
execution of experimental equipment and procedures. After analyzing the collected data and
comparing it to the well-published hyperfine structure of the only naturally occurring stable
isotope of cesium,

133

Cs, at the D1 transition, the process incurred a maximum 7 percent error

between the measured distances between peaks, and the theoretical distances between
156

absorption line peaks. Because the frequency separations are on the order of magnitude 1 to 10
gigahertz, and the actual absorption peaks are on the order of 300 terahertz, calculating the
percent error for each of these peaks from the theoretical frequency line, and not the
difference, would result in minimal error.
Two metastable xenon transitions were examined in the same fashion as the cesium D1
⁄

line. The
⁄

⁄

excitation centered at 904.8 nanometers, and the

⁄

excitation centered at 882.2 nanometers were both observed within the expected
⁄

wavelength scan ranges. While the

⁄

excitation exhibited minimal error

well within acceptable tolerances for both metrics compared (peak frequencies and relative
peak frequency), the

⁄

⁄

excitation had some shortcomings in the percent

error of the relative frequency spacings. Propagation of error from the generation of the
averaged Voigt profile could be a contributing factor in these error measurements, but the most
prominent issue for the calculated error is the overlapping of the individually calculated
hyperfine and isotope lines shifting the measured peak.
After comparing the Voigt profiles for each transition, the more continuous, succinct
profile of the

⁄

⁄

excitation continues to imply itself as the more effective

optical pumping transition. From an efficiency standpoint, it is most beneficial to match the
absorption linewidth as close to the pumping linewidth as possible. Although the
⁄

⁄

excitation spans a larger width than the

⁄

⁄

excitation, there are

larger sections of limited to no absorption in between the hyperfine lines. By comparing the
⁄

area under each Voigt profile curve, it is apparent that the

⁄

excitation

absorbs more of the incident energy than the other transition.
The work of Han et al. [1] used the

⁄

⁄

excitation as the pump

transition in their laser demonstration. Whether this was chosen as a result of similar analysis,
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or out of convenience, is not known. Pending any future contradictory evidence, the results in
this thesis suggest that the
⁄

⁄

⁄

excitation is superior to the

⁄

excitation for pumping, at least at pressures near 5 torr.
There were some issues which resulted from design choices that were encountered

while testing. First, because copper was selected as the electrode metal, oxidation became
problematic. While initial plasma discharges were centered nicely between the electrodes, as
the level of oxidation increased, the plasma began to form further and further back on the
electrode leads. The blackening of the copper became visibly noticeable, and recent plasmas
strike from the terminating ends of the leads, forming a horseshoe shape in the test cell, as seen
in Figure 6.1. Using a metal such as aluminum for the electrodes of future test cells may add to
the longevity of the plasma performance of the cell.

Figure 6.1: Irregular plasma discharge formed as a result of electrode oxidation.

The second major issue was in the size of the electrodes themselves. It is thought that
the electrodes may need to be larger in order to accommodate the high power levels of the RF
discharge. Simply a larger mass of metal may help alleviate the issue (the current electrodes are
a mere 0.6 millimeters thick). It would be beneficial for future cell designs to incorporate larger
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electrodes, as well as interchangeable electrodes. While the current configuration does allow
for the electrodes to be replaced, it is not without much hassle or risk to breaking the glass.
The experimental system designed and fabricated in this thesis established a platform
on which future testing can be accomplished. The generation of metastable xenon inside the
test cell was verified by measuring the absorption on two different transition lines. The first
priority for the continuing research is to rectify the problem of the inaccurate forward and
reflected power readouts from the RF generator, so that a meaningful laser cavity design can be
constructed in accordance with the calculated system parameters. It is hypothesized that a
Diode Pumped Rare Gas Laser system designed in this fashion will be able to rival and supersede
the legacy system after which it is modeled, the Diode Pumped Alkali Laser.

6.2: Future Research

The research presented in this thesis was a starting point for the much larger endeavor
of building a power scalable, optically pumped laser system. The proposed laser system, a
Diode Pumped Rare Gas Laser, is modeled after a Diode Pumped Alkali Laser (DPAL); where the
latter uses alkali metal atoms as the gain media, the former would use metastable rare gas
atoms. In order to contribute to the research community for this endeavor, an experimental
setup capable of generating and optically pumping metastable xenon needed to be built from
the ground up. The research of this thesis was successful in accomplishing this task, but there
are several more complicated research goals which have yet to be examined.
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6.2.1: Measurements at Atmospheric Pressure

Once the issues with the radio frequency (RF) generator are resolved at low pressures,
the first task will be to perform the same set of experiments at much higher pressures. The
ultimate goal of the system is to operate with a test cell pressure near 1 atmosphere (760 torr),
with a xenon partial pressure of under 50 torr, and a helium partial pressure making up for the
rest of the cell pressure. In the work of Han and Heaven, [1] gain was only measureable in their
setup for pressures over 450 torr, so it is known that achieving plasma and absorption at higher
pressures will be necessary for the future success of the research.
Analyzing the Voigt profiles at high pressures should prove interesting, as it is expected
that pressure broadening will play a significant role in what will be observed. Determining the
optimum pumping transition will be left to these and similar experiments. The major challenge
in accomplishing this goal will be successfully achieving plasma through RF discharge at
significantly higher pressures with the accessible equipment; in the current experimental setup,
plasma has not been attained at pressures in excess of 21 torr.

6.2.2: Comparison to Cesium DPAL Cell

To accurately assess the performance of DPRGLS against its legacy system, DPALs, a
side-by side comparison of the theoretical and/or actual laser parameters will be constructed.
The research of this thesis used a pure cesium reference cell as a metric of comparison, which
served its purpose well. However, with the realistic goal of the research in mind, it will need to
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be determined if metastable rare gases mixed with helium have the potential to surpass the
alkali, hydrocarbon and helium mixture of a DPAL system in terms of laser performance.
An analysis of the benefits and drawbacks of each system will be useful in determining
the relevancy of continuing the research. An important comparison will lie in overall efficiency,
to address the question on whether or not the power cost of using a discharge to generate the
metastable xenon can be recuperated in the system. The method of initial excitation of
metastable xenon, as well as methods of population maintenance, will be key for optimizing this
performance metric.

6.3.3: Rare Gas Laser Cavity

The final research ambition of this continuing project is to design and build a laser cavity
and measure gain in the system. A continuous wave laser demonstration has yet to be reported
in a DPRGL-like system. The fulfillment of this goal will be highly dependent on the success of
the previous two objectives, and provide a more cohesive representation of the functioning
potential of a DPRGL. Following the example set by the work on Diode Pumped Alkali Lasers, it
is advisable that this system be designed to accommodate flowing xenon gas, as opposed to a
static discharge cell. A flowing system affords the thermal benefits required in a high energy
system.
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